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SUMMARY
This thesis describes a programme of study of the comparison of predicted and 
measured working plane illuminance. In particular a general relationship is 
identified which, when applied to the results reported in this study, reduces the 
differences between predicted and measured illuminance.
The development of lighting calculations used to predict illuminance is 
reviewed. This identifies the changes in the calculation methods from the 
generally empirical approach to those based on mathematical methods 
involving finite elements. The role of the computer as an aid for practical 
lighting design is identified and described.
The information gathered from the lighting survey of 59 rooms is described 
together with the accuracy, methodology and measurement equipment. A  large 
number of the surveyed rooms fail to meet the recommended working plane 
illuminance.
Using the information from the survey a computer programme is used to predict 
the working plane illuminance in the rooms. The computer programme is an 
example of good practice for practical lighting design calculations. There is a 
significant difference between predicted and measured illuminance, with 
predicted illuminance greater in 58 of the rooms. The factors which influence 
this difference are discussed.
The influence of the floor cavity is examined in detail and described in the 
’’Sports Hall Experiment". This allows a relationship between working plane 
illuminance and effective floor cavity reflectance to be identified.
Further studies are identified which would extend the relationships described in 
this study.
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SUMMARY OF DEFINITIONS AND ABBREVIATIONS
Aspect Factor (AF)
That part of the illuminance equation for a line source relating to the angle 
subtended by the source at the point of interest and to the intensity distribution 
of the source.
British Zonal Classification (BZ)
A series of 10 standard intensity distribution curves for luminaires. Calculations 
have been made to show how the DR of these distributions vary with RI.
Building Research Establishment (BRE)
The national facility for undertaking research into all aspects of construction. 
Cavity Index (Cl)
A term indicating the proportions of boundary surfaces, used in determining the 
effective reflectances of room surfaces.
Cavity Index for Desk Cavity (CI(DC)) = [(lcw )2/{(lc+w)2}hw]
5hcc(L+W)
Ceiling Cavity Ratio (CCR) = ---------------
LW
Ceiling Ratio (CR)
The product of the upward luminaire lumens in 10 degree zones and a Zonal 
Multiplier. This is then divided by the total upward luminaire lumens.
Coefficient of Utilization(CUwp):
CUwp = DUF x
r  r 'x _____________ i  i ______•___ , ________________  \
+
UUFx
Downward luminaire lumens 
Total luminaire lumens
f  Downward luminaire lumens ^
Total luminaire lumens
Department of Education and Science (DES)
Direct Ratio (DR)
The luminaire lumens in 10 degree zones multiplied by a Zonal Multiplier. This 
is then divided by the total downward luminaire lumens.
Distribution Factor (DF[S])
Is for surface [S] the ratio of the direct flux received by the surface [S] to the total 
lamp flux of the installation.
Downward Ceiling Utilisation Factor (DCUF)
The lumens directed downward by the luminaire (0 to 90 degrees) that are
x i i i
reflected to the ceiling expressed as a fraction of the total downward luminaire 
lumens.
Downward Light Output Ratio (DLOR)
The light flux emitted into the lower hemisphere surrounding the luminaire 
divided by the light flux emitted by the source(s) contained within it.
Downward Reflected Component (DRC)
The amount of 0 to 90 degree luminaire lumens which reach the working plane 
after reflection from the room surfaces.
Downward Utilization Factor (DUF)
The product of the Direct Ratio (DR) and the Downward Reflected Component 
(DRC).
Downward Wall Reflected Component (DWRC)
The luminaire lumens directed downward in 10 degree zones that are reflected 
to the walls divided by total downward luminaire lumens.
Downward W all Ratio (DWR)
The luminaire lumens directed downward in 10 degree zones that strike the wall 
directly divided by total downward luminaire lumens.
Downward W all Utilisation Factor (DWUF)
The Downward Wall Ratio (DWR) added to the + Downward W all Reflected 
Component (DWRC).
Floor Cavity Index (CI(F)) = RI(hm/h w)
5hw(L+W)
Floor Cavity Ratio (FCR) = ---------------
LW
Flux Fraction Ratio (FFR)
The ratio of upward flux to downward flux of a luminaire or installation of 
luminaires.
Flux Ratio
Describes the degree of concentration of the light flux from a luminaire.
Lamp Lumen Maintenance Factor (LLMF)
The proportion of the initial light output of the lamp that is produced after a 
defined time.
xiv
Light Loss Factor (LLF)
The ratio of the illuminance provided by the installation at some stated time, 
with respect to the initial illuminance.
Lamp Survival Factor (LSF)
The percentage of functioning lamps in an installation after a stated period of 
operation
Logance
A term used by Moon and Spencer (Moon and Spencer, 1946) to describe the 
efficiency of the luminaire = Fd/F!
Lighting Design Lumens (LDL)
Nominal light output from a lamp for lighting design purposes, representing the 
through-life output.
Luminaire Maintenance Factor (LMF)
The proportion of the initial light output from the luminaire that occurs after a 
set time, allowance having been made for the decline in light output of the lamp
Maintenance Factor (MF)
The ratio of the illuminance provided by an installation in the average condition 
of dirtiness expected in service, to the illuminance from the same installation 
when clean (IES(London), 1967).
Maximum Spacing to Height Ratio (SHRMAX)
The maximum SHR to achieve a UR of 0.7.
Midpoint Ratio (MPR)
The ratio of illuminance at two points within a regular array of luminaires as 
defined in CIBS TM5.
Nominal Spacing to Height Ratio (SHRNOM)
The greatest SHR in a preferred series of steps to achieve a UR of 0.7.
Pharos (F)
A term used by Moon and Spencer (Moon and Spencer, 1946) to describe 
luminous flux.
Pharosage
A term used by Moon and Spencer (Moon and Spencer 1946) to describe 
luminous flux density or illuminance (lumen m-2).
Room Cavity Ratio (RCR) = [5hm (L + W )/LW ]
Room Index (RI) = (LW )/hm(L+W)
xv
W L
Room Ratio (Rr) = ------------
H(W +L)
Room Surface Maintenance Factor (RSMF)
The proportion of the illuminance provided by a lighting installation in a room 
after a set time compared with that which occurred when the room was clean, 
allowance having been made for LLMF and LMF.
Scalar Illuminance
The average illuminance on the surface of a very small sphere due to light 
reaching the sphere from all directions.
Spacing to Height Ratio (SHR)
The ratio of the spacing between the centres of adjacent luminaires to their 
height above the working plane.
SET X z
A sample of measurement sets from the surveyed rooms chosen to represent 
a general classroom interior. (See Chapter 7)
Utilisation Factor (UF)
For a surface) the ratio of the total flux received to the total lamp flux.
Uniformity Ratio (UR)
The ratio of minimum to average illuminance over the task area.
Unit Distance Illuminance Planes (UDIP’s)
These planes can be orientated in any direction but normally assume the 
orientation of walls, floor and ceiling. They assume that the luminaire is a point 
source positioned unit distance above the plane of interest A strategically-located 
set of points is then chosen on the plane of interest and the illuminance at each 
point is computed by use of the inverse square law.
Upward Ceiling Reflected Component (UCRC)
The luminaire lumens directed upward in 10 degree zones that are reflected to 
the ceiling divided by total upward luminaire lumens.
Upward Ceiling Utilisation Factor (UCUF)
Ceiling Ratio (CR) added to the Upward Ceiling Reflected Component (UCRC).
Upward Light Output Ratio (DLOR)
Light flux emitted in the upper hemisphere of an luminaire divided by the light 
flux emitted by the source(s) contained within it.
xvi
Upward Utilization Factor (UUF): Percentage of upward luminaire lumens 
reflected to the working plane. This is reflected from the upper walls and ceiling 
and is dependant upon the ceiling ratio and the room shape.
Upward Wall Ratio (UWR)
The product of the upward luminaire lumens in 10 degree zones which is 
coincident with the upper regions of the wall and a Zonal Multiplier. This is 
then divided by the total upward luminaire lumens.
Upward Wall Reflected Component (UWRC)
The luminaire lumens directed upward in 10 degree zones that are reflected to 
the wall divided by total upward luminaire lumens.
Upward Wall Utilisation Factor (UWUF): Upward Wall Ratio (UWR) added to 
the Upward Wall Reflected Component (UWRC)
Vector Illuminance
The maximum difference in illuminance across diameters of a very small 
sphere.
Visual Comfort Probability (VCP)
A factor developed by DiLaura which includes the luminance and position of 
luminaires, the field of view and direction of view of the observer and the 
luminance of other observed surfaces.
Working Plane (WP)
The plane in which the visual task lies. Where no other information is available 
then the working plane may be considered to be horizontal and at a height of 0.8 
m above the floor.
Zonal Multiplier (ZM)
Using a 10 degree zone the average percentage of lumens striking the working 
plane directly from a symmetrical luminaire layout. This w ill vary with room 
index.
PRINCIPAL SYMBOLS
A
a = P/2Af
a(x,y) = target point on a surface with co-ordinates "x" and "y"
A = area (or area of working plane) (m2)
Ab = black/chalkboard area (m2)
Ac = area of the mouth of the floor cavity/recess
Ac = ceiling area (m2)
Actot = total area of the floor cavity/recess <xdvwting »rwto S^O
Ad = area of desk top(s) in the plane of the mouth of the floor cavity/recess
or WP
xv i i
Adc = area of the mouth of the floor cavity/recess in the plane of the desk
top(s) or WP 
Af = floor area (m2)
As = area of floor, walls, windows and ceiling in a room (m2)
A tot = total surface area of the floor cavity/recess
A w = wall area (m2)
Awc = wall area of cavity or recess (m2)
A F = angle flux (lumen per radian)
Aw = wall area between plane of the luminaires and the floor or working
plane (m2)
Awp = area of working plane (m2)
A! = area of surface 1
A = mean illuminance from all measured illuminance values
A 1 = angle
A " = angle
B
PwL02n
B, = ------------------------------------
(l-pc)n + (l-pw)V2(i+pc)m  
B ' = angle
C
C = ffldJc/ffiJf
P w f-»o 2^
Q  =  ---------------------------------
(l-pc)n + (l-pw)i/2(l+pc)m
Q = distance between centres of luminaires, measured along their axis.
C(i, j. k)(a, b, c) = radiative exchange factor from element (j. k) of surface (i), to
element (b, c) of surface (a)
= coefficient of utilisation of the horizontal working plane
= coefficient of utilisation of the wall
= coefficient of utilisation of the ceiling
= configuration factor from ceiling to point p
= configuration factor from walls to point p
5hcc(L+W)
LW
= radiative exchange factor governing radiative transfer between 
locations a and t
Cwp
Cw
Cc
Cq,
Cwp
CCR
C (ot)
x v i i i
DDR
dA
da
D
Dav
DF[F]
DF[W]
DF[F]
direct ratio
area of a point where illuminance is to be determined 
distance of any point on the source axis from the plane 
perpendicular to the source axis through the point of interest. It 
subtends angle a at the point of interest 
distance
average pharosage (lux) incident on the principle surface 
distribution factor for floor cavity 
distribution factor for walls 
distribution factor for ceiling cavity
e i.j
E
Epm
Eqm
Erm
Etxn
Eav
E a v ( h c )
Ed
(Ed)c
(Ed)f
(Ed)w
Eto
E
Emd
P 'mm
Ep
Jpav
E t
Ei
(Ej)c
exchange factor between surfaces i and j. The flux received on one 
from the other of unit luminance 
illuminance (lux)
average illuminance from (pm) readings 
average illuminance from (qm) readings 
average illuminance from (rm) readings 
average illuminance from (tm) readings 
average illuminance (lux)
average inter-reflected component of illuminance within an 
interior
average illuminance on a plane at distance hc below ceiling (lux)
direct illuminance (lux)
direct illuminance on the ceiling (lux)
direct illuminance on the floor (lux)
direct illuminance on the wall (lux)
Illuminance determined by formula (118) 
average measured illuminance (lux) 
measured illuminance (lux) 
minimum illuminance (lux) 
maximum illuminance (lux) 
horizontal illuminance at point p (lux) 
predicted illuminance (lux) 
average predicted illuminance (lux)
horizontal illuminance due to the M 0(a) component of the 
emittance distribution
horizontal illuminance due to the M*(g) component of the
emittance distribution
total illuminance (lux)
inter-reflected illuminance (lux)
indirect illuminance on the ceiling (lux)
xix
(Ei)f = indirect illuminance on the floor (lux)
(EJw = indirect illuminance on the wall (lux)
E(i, j, k) = final illuminance after inter-reflections of element E(j, k) of room 
surface (i)
E df = illuminance due to direct flux on the floor
Ef = illuminance on the floor = EDF + EIF
E r = residue illuminance in the shadow
Es = shadowed illuminance
Ey = unshaded illuminance
Eoi = average direct illuminance on the "ith" element (lux)
E if = illuminance due to inter-reflected flux on the floor
E01 = initial illuminance of surface A l
Ej = total illuminance on surface A: including inter-reflections
(Et)c = total illuminance on the ceiling (lux)
(Et)f = total illuminance on the floor (lux)
(Et)w = total illuminance on the wall (lux)
Ez = illuminance on the plane parallel to the surface of the source (lux)
E(%) = percentage difference between predicted and measured illuminance
(Epav_Emav) /  Epav 
Ediff(%) = XKEpav-E^v)/Epav] /no
F
f = Fw/F d = interflectance of the room
fc = interflectance of the ceiling. That part of the initial flux striking the
ceiling that ultimately reaches the working plane 
frf = fraction of luminous flux on ceiling (or ceiling cavity) which
reaches the floor (or floor cavity) 
few = fraction of luminous flux on ceiling (or ceiling cavity) which
reaches the walls
ff = interflectance of the floor. That part of the initial flux striking the
floor that ultimately reaches the working plane 
ffc = fraction of luminous flux on floor (or floor cavity) which reaches
the ceiling (or ceiling cavity) 
ffw = fraction of luminous flux on floor (or floor cavity) which reaches
the walls
fi.j = Form factor between surfaces i and j. The average illuminance
received on i from j, j being of uniform luminance 
fw = interflectance of the wall. That part of the initial flux striking the
wall that ultimately reaches the working plane 
fwc = fraction of luminous flux on walls which reaches the ceiling (or
ceiling cavity)
fwf = fraction of luminous flux on walls which reaches the floor (or floor
cavity)
fw  = fraction of luminous flux on walls which reaches the walls
f0-»io = flux factors for successive zones (receiving areas) formed by planes
0°-10°, 10°-20°,...... 80°-90°
xx
F 3Z flux fraction ratio = Fu /F D 
5hw(L+W )
FCR =
LW
Fd = total lumens from the luminaires
F, = total lumens from the lamps
Fpl(e) flux received by a rectangle parallel to the source axis, of width
determined by the angular separation 0 of two planes through the 
source axis
F„ = total lumens reaching the principal surface
F\vdA = shape modulus or configuration factor from the wall to dA
Fd = downward flux from the luminaires
Fu = upward flux from the luminaires 
i f f  Cos 0i Cos 0n
Fl-yn — - - -  A a dAi dAn = shape modulus A 1 JA, J Ah mfl n r
= form factor (Phillips and Prokhovnik, 1960)
G
g — Fd/fi
g logance of the luminaires
H
h = height (m)
hc = distance below ceiling (m)
hcc = distance from luminaire plane to ceiling (m)
hfC = distance from floor to working plane (m)
hm — mounting height of luminaire [distance between working plane and 
the lane of the luminaire] (m)
hw = height of working plane or height of floor cavity (m)
ha = height of the source above the horizontal plane through the point 
of interest
H = height of room or space (m)
Hs = distance from the source to the plane of the rectangular receiving 
area (m)
H, = accurate solution to the interflection equations of Moon and 
Spencer
H la accurate solution to the interflection equations of Moon and 
Spencer
I
I = luminous intensity (cd)
xx i
Ic = total flux from ceiling
ICf = proportion of flux from the ceiling which reaches the floor directly
lew = proportion of flux from the ceiling which reaches the wall directly
IFc = proportion of flux from the floor which reaches the ceiling directly
Ifw = proportion of flux from the floor which reaches the wall directly
I0 = intensity per foot at the downward vertical in the axial plane (cd/ft)
Iwf = proportion of flux from the wall which reaches the floor directly
Iwc = proportion of flux from the wall which reaches the ceiling directly
Iww = that proportion of flux from the wall which reaches the wall directly
Ie = nadir intensity of a source in the plane passing through the point of
interest
IQ  = that light flux which reaches the point of analysis after emission
from a luminaire and being reflected once from a room surface.
IQ  = that light flux which reaches the point of analysis after all
subsequent reflections 
I5/I15 = intensities of a source in a plane normal to its axis at the mid-angle
of successive 10° intervals 
I55 = the mean of symmetrical measurements of ±55° about the centre of
a luminaire or source in the axial plane around.
J
J = sector flux
J = flux per unit length per unit angle ([lm.Sr]/m)
K
k = a(l-pw)i/2
kk = a constant
ku = coefficient of utilization
H(L+W )
kr = domance = -------------
4(LW)
kr = (l/h )/[(l/h ) +1]
W
Kr = room index = ---------  (Harrison and Anderson, 1920)
2hm
Kri = room index = (LW )/hm(L+W)
xx i i
L1 = length (m)
1c = length of desk cavity (m)
lm = lumen(s)
Is = length of light source (m)
L = length of room or space (m)
Lb = luminance of background (cd/m2)
Lc = final average luminance of ceiling (cd/m 2)
LF = average luminance in field of view (cd/m 2)
i* — total luminous emittance, including inter-reflections of a surface 
element dAn which may be viewed directly from A!
L(i,j,k) — luminance after inter-reflections of element (j,k) of room surface(i) 
(cd/m2)
L0 = luminance of object surface (cd/m2)
Loi = initial luminance of surface AT excluding all inter-reflections
Ls
=
luminance of standard surface of known reflectance 
(given by C.I.E [Y]) (cd/m2)
U = luminance measured at normal to the surface of the source. The 
maximum luminance of the surface of the source, (cd/m 2)
Loi = initial average luminance of finite area A t (cd/m2)
Lo2 = initial average luminance of finite area A2 (cd/m2)
Lo3 = initial average luminance of finite area A3 (cd/m2)
Lf = final average luminance of floor (cd/m2)
Lw = final average luminance of wall (cd/m 2)
l-Wp = luminance of working plane (cd/m2)
Li = total average luminous emittance of finite surface A 1 including all 
inter-reflections
h = total luminous emittance of finite area A2 which are viewed from
A
h = total luminous emittance of finite area A3 which are viewed from
A
u = total luminous emittance of finite area A4 which are viewed from
A
U = total luminous emittance of finite area A5 which are viewed from
A
u = total luminous emittance of finite area Ag which are viewed from 
A,
(Lco)t = sum of average luminances of luminaires weighted by the 
subtended solid angles
L(0,(})) = luminance at point (0,<J))
Le = luminance of a surface at an angle of view 0
x x i i i
Mm = (l~pf)cosh kh + (l-pw)i/2(i+pf)sinh kh
mff = maintenance factor component for the luminaire
mfr = maintenance factor component for the room
M = 'M 1 factor (Coomber and Jay ) = F1_>n= form factor = shape modulus
M c = final ceiling cavity emittance due to all inter-reflections
M f = maintenance factor
M qc initial ceiling cavity emittance due to flux directly from the 
lum inaire
M ow = initial wall cavity emittance due to flux directly from the luminaire.
M w = final wall cavity emittance due to all inter-reflections
M (a) = final luminance emittance at position a
M 0(a) = initial emittance at position c, due only to illuminance directly 
from the luminaires
M(x) = final luminance emittance at position x
N
n — (l-pf)sinh kh + (l-pw)V2(i+pf)Cosh kh
nD = number of measurement points
ns = number of similar sources, closely spaced in line, forming a row
N = number of room surfaces
N f = normalisation factor
=
N ins-ob = total number of inserts on obstructing surfaces
N  ins-rs == total number of inserts on the room surfaces
N ob = number of obstructing surfaces within the room
N s = number of surfaces for which inter-reflected flux transfer is to be
computed.
P
P - point of interest
Pm = illuminance measurement point
P = perimeter of room (m)
Pd = perpendicular distance from the origin of a three dimensional axis
to a surface
Q
q = space index
qm = illuminance measurement point
xx iv
Rr = distance from point of interest to any point on the surface of the
source
r« = illuminance measurement point
r(xa) = direction-distance between positions x and a.
R = radial distance of a point on a plane from a light source (m)
RE(F)CAV = Effective floor reflectance including desk cavities = pfc
Ri = region of integration, e.g., the source area.
Rr = room ratio = W /2  x hm
(Ed)w kr(l- d)
Rv = ------ = ----------  (Coomber and Jay, 1967)
(Ed)f 2d
5hm(L+W)
RCR =
LW
LW
RI = --------------  (Hisano, 1946)
hm (L+W)
S
s = hc/W
S observers shadow effect (DiLaura, 1976)
Sd sample standard deviation
sd perpendicular distance from a point to the light source or strip or
plane of the light source or strip (m)
Sr steradian(s)
Stot = total surface area of room or space (m2)
SHRact = SHR in an actual installation
SHR(x)(T) = SHR in room direction (x or a) and transverse luminaire
plane (T) or axial plane (A)
SHRnom = SHR used to produce UF Tables for luminaire
Si surface area of the i*  element
s, surface area of the imaginary plane of reflectance peq.
S2 total surface area of the recess.
T
t = hc/W
tm = illuminance measurement point
xxv
T, T l, T* = triangular source
u
U c utilance of ceiling or ceiling cavity. The proportion of luminaire
flux which reaches the ceiling or ceiling cavity
U DS = direct component of Us
Up utilance of floor or working plane. The proportion of luminaire
flux which reaches the floor or working plane
Us utilisation factor of surface S = <J>s/<^l
Uw utilance of walls. The proportion of luminaire flux which reaches
the walls.
UF(S) = utilisation factor of surface (S)
UF(C) = utilisation factor of ceiling
UF(F) = utilisation factor of floor
UF(W ) = utilisation factor of walls or wall
V
V(ax)
v a i =
view function between location a and x
spectral luminous efficiency for photopic vision curve
W
w = width of recess or cavity (m)
W — width of room or space (m)
X
X = fraction of flux reflected from the wall that strikes the ceiling
directly
or
= fraction of flux reflected from the wall that strikes the floor directly 
or
= co-ordinate direction
Xc = CIE colour coordinate.
Xd = direction of a cartesian co-ordinate
xR} = CIE colour-matching function
X = distance
[XI = CIE reference colour stimuli
Y
y = fraction of flux reflected from one wall that strikes the other three 
walls directly 
or
xxvi
y = co-ordinate direction
yc = CIE colour coordinate.
yd = direction of a cartesian co-ordinate
yR} = CIE colour-matching function
y = distance
[Y] = CIE reference colour stimuli
Z
z = fraction of flux reflected from the walls that strikes the working 
plane directly 
zc = CIE colour coordinate.
Zd = direction of a cartesian co-ordinate
zR} = CIE colour-matching function
1X1.IIX3 = CIE reference colour stimuli
PRINCIPAL GREEK SYMBOLS
a = aspect angle is the angle between the line joining the source
element to the point of interest and the perpendicular from the 
point of interest to the source axis
d«. Cos0
and; Tan a = -------------
ha
R = bidirectional reflectance distribution function (BRDF) of the
background
Pt = bidirectional reflectance distribution function (BRDF) of the target
(jjj = angle of azimuth limit of a hemispherical section
cp2 = angle of azimuth limit of a hemispherical section
O = light flux (lumens)
O' = direct light flux (lumens)
Oc = total light flux reaching the ceiling (or ceiling cavity)
Odc = direct flux reaching the ceiling (or ceiling cavity)
Odf = direct flux reaching the floor (or floor cavity)
Of = total light flux reaching the floor (or floor cavity) = Odf + O if
On; = inter-reflected flux reaching the floor
<J>l = luminous flux emitted by lamp(s)
Os = total luminous flux reaching surface S
Ow = total light flux reaching the wall
Owp = total light flux reaching the working plane
Odw = direct flux reaching the wall
p = reflectance/reflection factor
xxv i i
pav = average reflectance of a surface containing a recess or cavity
pb = black/chalkboard reflectance
pc = ceiling (or ceiling cavity) reflectance
pcc = ceiling reflectance (or base reflectance) of a recess or cavity
pd = reflection of desk top (in the plane of the mouth of the floor cavity)
pdc = effective reflectance of desk cavity
Pecc = effective reflectance of ceiling cavity
peq = equivalent reflectance of a recess
pf = floor (or floor cavity) reflectance
pfc = effective reflectance of floor cavity (including any recesses/cavities
formed by the furniture
p(i,j,k) = lambertian reflectance of element (j,k) of room surface (i)
Pi = first reflected flux from interior surfaces
ptot = average reflection factor of all surfaces in the room
pw = wall reflectance
pwa = reflectance of wall "a"
pwb = reflectance of wall "b"
Pwdc = area weighted average reflectance of a desk recess or cavity
pwp = reflectance of working plane
pwx = reflectance of wall "x"
Pwy = reflectance of wall "y"
pwc = wall reflectance of a recess or cavity
pwfc = area weighted average reflectance of a floor recess or cavity
pwtot = area weighted total reflectance of wall
pi = luminous reflectance of surface Ai
p2 = luminous reflectance of surface S2
p(o) = diffuse reflectance at position a
0 = angle between the incident light plane and the vertical plane
through the source axis or the direction of view, measured relative 
to the surface normal.
0 D = co-ordinate angle
0p = angle between two planes intersecting the axis of a light source or
lum inaire
0V = direction of view, measured relative to the normal of the surface.
0 (ox) = angle between the normal to the surface at position a and r(ax).
0 (xa) = angle between the normal to the surface at position x and r(xa).
0 ! = angle of elevation lim it of a hemispherical section.
02 = angle of elevation lim it of a hemispherical section,
co = solid angle (steradians)
xxv i i i
solid angle subtended by the floor for that position.
solid angle subtended by the ceiling for that position.
sum of solid angles subtended by luminaires.
solid angle subtended by the walls for that position.
angle between the incident light plane and the plane parallel to the 
source axis containing the normal at the point of interest.
co-ordinate angle
xxix
1 .  I N T R O D U C T I O N
The purpose of this work is to examine:
(a) The lighting conditions in a 59 real interiors by a survey of the interior 
and the lighting systems.
(b) The degree to which these interiors meet design recommendations.
(c) The use of a computer programme which is an example of good lighting 
design practice, which uses the actual properties of the interiors, to predict 
the illuminance on the working plane of the interior.
(d) And to quantify the differences between the predicted and measured 
illuminance for all of the interiors.
(e) And to describe a relationship which can be applied to the predicted 
illuminance to more accurately predict the measured illuminance.
(f) And to quantify the influence of the obstructed floor cavity on the 
predicted and measured illuminance.
(g) The effect of the both the relationship between predicted and measured 
illuminance and the influence of the floor cavity reflectance on predicted 
illuminance.
A review of published work concerned with lighting design calculations has 
been undertaken. This allows for a critical examination of the calculation 
methods to be undertaken, since there is a need for a method to quantify the 
influence of floor cavity obstructions in real interiors.
There are four Appendices which contain details of the lighting survey, the 
predicted illuminance, luminaire data, surface reflectance data and published 
work from this study.
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2 .  H I S T O R I C A L  P E R S P E C T I V E S  O F  T H E  C I B S E  A R T I F I C I A L  L I G H T I N G  
D E S I G N  M E T H O D
2 . 1  P r e - 1 9 2 0
In the 1920’s the general levels of illuminance were very low, with between 100 
and 50 lux commonly provided in factories (Harrison, 1920b). The lighting design 
methods applied to these interiors were primarily concerned with direct 
illuminance. The necessary calculations were capable of simple solution through 
the use of the inverse square law and the cosine law of illumination both of 
which were known by 1760 (Bean and Bell, 1976). These are particularly 
appropriate where light flux distances are large compared with the luminaire 
dimensions, since the luminaire can be treated as a point light source. Where 
this approach was applied to predicting interior illuminance the designer was 
able to rely on an additional proportion of inter-reflected light. This helped to 
ensure that predicted illuminance was achieved, and masked the numerous 
inaccuracies in the prediction method.
2 . 2  H a r r i s o n  a n d  A n d e r s o n  1 9 1 6  t o  1 9 2 0
A major work in determining the true contribution of direct and inter-reflected 
light on a room surface was that carried out by Harrison and Anderson between 
1916 and 1920 (Harrison and Anderson, 1916 and 1920a). This became known as 
the "lumen method" of illuminance calculation (Moon 1941c). Several test 
rooms were constructed with different luminaires and coloured room surfaces to 
quantify the influence of each on the total illuminance on room surfaces. A  
purely calculated method was not developed at this time due to the problems of 
accurately quantifying inter-reflection.
Since the total lamp flux was known, and the amount falling on the room 
surfaces had been measured in the test rooms then the factor which linked the 
two, the Utilisation Factor, had also be determined empirically. In order to cover
2
most of the available luminaire intensity distributions these were divided into 
three components as shown on Figure 1, p98 of (Harrison and Anderson, 1920a).
These are:
1. Horizontal - Maximum intensity at 90 degrees with sine distribution
2. Indirect - Flux above the horizontal minus the horizontal component
3. Direct - Flux below the horizontal minus the horizontal component
Tables of Coefficients of Utilization were produced for each of the components. 
There was no attempt to separate the direct and indirect component of 
illuminance although the obvious effect of broad, medium and narrow 
distribution curves on the direct component was recognised. No consideration 
was given to the effect of varying the spacing to mounting height ratio of the 
installation, although the influence of surface reflection factors and room ratios 
was quantified.
This study standardised the approach of averaging reflection factors and surface 
illuminance over the major room surfaces, a practice which simplified the 
process of calculating the inter-reflection component of light in a room.
The determination of direct illuminance from any source on to a surface is more 
straightforward, since it is dependant only upon the position of emitting and 
receiving surfaces. A simple calculator was available in 1940 (Greenberg, 1940).
2.3 Moon and Spencer from 1936 onwards
There was a growing need for lighting engineers to consider more than 
illuminance. The brightness distribution over the field of view and glare were 
factors which demanded a more accurate means of calculation. It was proposed 
by Moon (Moon, 1941c) that this could be obtained by means of the integral 
equation for inter-reflections providing that the surfaces were flat. This 
rectangular room takes the form shown in Figure 1, p375 of (Moon, 1941c).
3
The average illumination on a horizontal plane was defined as:
B,
Eav(hc) = Lce-ahc + — { cosh khc - (1- pw)1/2 sinh khc - e-ahc}
Pw
Q
+ — { sinh khc - (1- pw)1/2 cosh khc + (1- pw)V2 e-ahc} (1 )
Pw
This included the following ten factors which determine the average 
illuminance (Eav) on a horizontal plane:
a) Initial luminance of ceiling.
b) Initial luminance of walls.
c) Initial luminance of floor.
d) Height of room.
e) Width of room.
f) Length of room.
g) Height of illuminated plane.
h) Reflection factor of ceiling.
i) Reflection factor of walls, 
j) Reflection factor of floor.
It is claimed that this solution to the integral equation provided for the first time, 
a theoretical basis for illumination calculations in rooms (Moon, 1941c).
2 . 4  G r o w i n g  C r i t i c i s m  o f  t h e  L u m e n  M e t h o d
By 1942 (Zijl, 1942) Zijl began to question the accuracy of the Harrison Anderson 
methods when applied to rooms with high ceilings containing many 
luminaires. A calculation method was proposed although the author suggests 
that an exact calculation is impossible. This method highlights the assumptions 
and simplifications contained within earlier calculation methods. The 
calculation method proposed by Zijl is described in two stages. Firstly as a
4
method of determining the light flux reaching the floor of a room from a 
diffusely radiating ceiling when all the wall surfaces are assumed to be black. 
Secondly, the walls are assumed to be diffusely reflecting. An example of the 
results are shown on Figure 6, p i02 of (Zijl, 1942).
Further work by Moon and Spencer in 1944 (Moon and Spencer, 1944) was 
concerned with the application of visual data to lighting design. This attempted 
to collate some of the research on vision so that the illuminance calculation 
method which they proposed in 1941 (Moon, 1941a and 1941b) may be applied to 
provide sufficient illuminance for specific tasks. This was only possible because 
of the relative accuracy of their integral equation method of inter-reflection 
calculation within interiors of simple shape.
2.5 Moon and Spencer and Interflection
A solution to the mathematical problems of predicting illuminance on room 
surfaces was also proposed by Moon and Spencer in 1946 (Moon and Spencer, 
1946a). They produced a set of inter-reflectance tables for interiors. These are 
based on approximate solutions to integral equations which describe the 
contribution of rectangular light sources to a point. Although vector methods 
were not used to produce the tables the need for consideration of the orientation 
of the receiving plane was recognised as shown in Figure 2.1 (Moon and Spencer, 
1946b).
This work was extended (Moon and Spencer 1946c) to include a number of other 
types of lighting. Through use of the superposition method a further 28 Tables 
were developed. These were used to determine the luminance distribution 
within rooms. This could then be used to predict illuminance on the major 
room surfaces by the use of;
Dav = f.g([FL/A f]) (2)
where ku = f.g (3 )
The room shape was specified by its domance;
kr = (H[L+W]/2LW) = Aw/4A f (4)
Figure 2.1 Rectangular source and the lux vector it produces at point P
This approach was adopted by Moon and Spencer to obtain a closer correlation 
between their interflection method and the lumen method of design of Harrison 
and Anderson (Harrison and Anderson, 1916 and 1920a). Even at this time the 
lumen method was considered to be in common use by practicing engineers.
2.6 Utilisation Factors and Zonal Multipliers (ZM)
Further work was carried out in the USA by Jones and Neidart in 1951 and 
1953(Jones and Neidart, 1951 and 1953). Their tables and graphs show Downward 
and Upward Utilisation Factors, Downward Wall and Upward W all Utilisation 
Factors, and Downward Ceiling and Upward Ceiling Utilisation Factors. These 
factors use the zonal multiplier to determine the direct flux on the working 
plane and the ceiling, zonal multipliers are determined from the flux emitted
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from point sources. These are circular and occupy a 10 degree zone and are 
shown on Figure 2.2. These enable Direct Ratios to be determined for the 
working plane and are also used to determine the ceiling effect of suspended or 
ceiling mounted luminaires on Upward Utilization Factor.
F i g u r e  2 . 2  T h e  f l u x  i n  a n y  z o n e  t h a t  s t r i k e s  t h e  w o r k  p l a n e  d i r e c t l y  i s  e q u a l  t o  t h e  
t o t a l  l u m e n s  i n  t h e  z o n e  m i n u s  t h e  l u m e n s  t h a t  s t r i k e  t h e  w a l l .
SOURCE
H TAN e
ARC CCS H TAN e
4 4  =  PERCENT LUMENS IN ZONE 6.
360  TO 9t THAT STRIKE THE WORKING PLANE
2 . 7  S e c t o r  F l u x  a n d  D i r e c t  I l l u m i n a n c e .
In 1952 Bellchambers and Ackerman (Bellchambers and Ackerman, 1955) carried 
out a preliminary investigation into a new method of lighting design. The 
innovative aspect of their work concerned the inclusion within the design 
process of the brightness pattern throughout the visual field. The method was, 
therefore, unsuitable to those interiors containing few inter-reflections, e.g., 
factories, or those containing many complex inter-reflections, e.g., domestic 
interiors.
The sector flux method developed by Einhorn (Einhorn, 1951) was used to 
determine direct illuminance since this method was particularly suited to rows 
of linear light sources. This is an approximate method and shows that:
7
J
E = — cos q 
R
(5)
When I0 is known the ratio J/ IQ is a constant for that particular luminaire. The 
intensity distribution and J /I0 ratio for a selection of eight linear luminaires 
was determined and these are shown in Figure 2.3.
F i g u r e  2 . 3  M e a s u r e d  a x i a l  i n t e n s i t y  d i s t r i b u t i o n s  a n d  J / I Q f a c t o r s  u s e d  i n  s e c t o r  
f l u x  c a l c u l a t i o n s  f o r  a  r a n g e  o f  p r a c t i c a l  l i n e a r  l u m i n a i r e s .
Key Letter Description J/% Factor
X Constant intensity 2.00
Y Cosine distribution 1.57
Z Cosine2 distribution 1.33
A Matt reflector 1.61
B Specular reflector 1.47
C Flush mounted perspex 1.44
D Louvre with perspex sides 1.38
E Flush mounted deep louvres 1.12
o (0 20 30
The application of the sector flux method in regions around the end of the linear 
source requires correction factors to be applied. This made the method difficult to 
apply to single luminaires. Where the source length is greater than R then finite
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line source calculations can be used. Where R > ls the source can be treated as a 
point source, although this may need correction. This method was further 
explained by Bellchambers (Bellchambers, 1959) and additional intensity 
distribution patterns were considered.
2 . 8  M o d e l s  f o r  I n t e r - r e f l e c t i o n  D e t e r m i n a t i o n
The inter-reflected component of illuminance was determined empirically, since 
the need to derive the direct illuminance necessary to produce a specified final 
luminace was considered to be extremely complex. A model room, 2ft x 2ft x 2ft 
high, was constructed and this was used to find the ratio of direct illuminance to 
total illuminance. This could be used to obtain the inter-reflected component 
from:
Et Ei + Ed
(6)
Ed Ed
The surfaces in the model room were arranged to have the following p values:
p c = 0 . 7 5  
p w  = 0 . 5 0
p f  =  0 . 1 0
The room index was calculated from the formula developed by Hisano (Hisano, 
1946) and used earlier by Moon and Spencer. The Kr as determined by Harrison 
& Anderson (Harrison and Anderson, 1916 and 1920) gave an accurate prediction 
of CU for square rooms. Their CU for rectangular rooms was determined by 
combining the CU of two square rooms with side lengths equal to the length and 
width of the rectangular room. Hisano (Hisano, 1946) worked on the formula 
required for accurate prediction of room index. This recognised that within 
limits the distribution of inter-reflected flux in a rectangular room is very similar 
to that in a square room whose side length is equal to the harmonic mean of the 
length and width of the rectangular room. That is 2LW /(L+W ). The flux
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distribution of room surfaces was calculated and checked by a series of tests. This 
Hisano formula could be applied to the square room data of Harrison & 
Anderson to determine appropriate rectangular room CU. Crouch and Freyer 
(Crouch and Freyer, 1953) converted the Hisano formula to the inverse ratio 
form used by Harrison & Anderson to determine room index (RI) as:
RI = (L W )/h m(L+W) (7)
When this was checked against experimental data it gave increased accuracy in 
the determination of CU than other methods. It has remained a standard 
method for the determination of the effect of room shape on CU.
Hisano has also shown theoretically and experimentally that for Kr< 2 and for
1/w < 4 it can be applied with an error of less than 10%. Similar limitations apply 
to the Et /  Ed ratio.
Following measurements at a number of points using a cosine corrected cell, for 
three different sources mounted in the ceiling of the model, a range of inter­
reflection data is shown on Table 2, p90 of (Bellchambers and Ackerman, 1955).
These results are shown graphically on Figures 7 and 8, p91 of (Bellchambers and 
Ackerman, 1955), where it can be seen that for a constant room shape, reflection 
factor and source distribution the Et /  Ed ratios remain reasonably constant. The 
authors recognised the need for many more measurements to be made with the 
model before the method could be confidently applied to other designs.
2.9 The Larger Wiseman Model
In 1953 Wiseman (Wiseman, 1955) began a study of inter-reflections. He used a 
6ft x 6ft room with a movable floor to provide a range of room indices. The 
walls, ceiling and floor were self-luminous. The results showed a fair agreement
1 0
with the Moon and Spencer interflection equations although small but 
consistent differences appeared. At the same time in 1953 Bull (Bull, 1957) was 
also involved in model tests of inter-reflection. The model room was 3ft x 3ft 
with an adjustable ceiling up to 3ft high. Following a series of detailed 
luminance (brightness) measurements it was possible to determine Bim, B2, B3 
and Boi. When these results were compared to those computed from the 
interflection equations of Moon and Spencer they are seen to be significantly 
lower, as Figure 2, p31 of (Bull, 1957).
The measured results appear to follow a linear function of Kr rather than an 
exponential function. These results and those of Wiseman were severely 
criticised by Spencer who believed that the experimental techniques were poor. 
Although there was good agreement between both experiments.
2 . 1 0  T h e  J o n e s  a n d  N e i d a r t  E x t e n s i o n  o f  U t i l i s a t i o n  F a c t o r s
The concept of the Zonal Method of calculating utilisation coefficients 
introduced in 1951 (Jones and Neidart, 1951) was concerned with predicting the 
contribution of High Bay luminaires to horizontal working plane illuminance. 
Further work (Jones and Neidart, 1953) was published in 1953 and extended the 
range of luminaires to those of the semi-direct, general diffuse and indirect type. 
Jones and Neidart proposed that the illuminance on any horizontal working 
plane was made up from two components. Firstly the downward light flux from 
the luminaire which was taken as 0°to 90° in all planes below the luminaire.
This has two components, the DR and the DRC. The DR was determined by the 
product of the luminaire lumens in a 10° zone and the ZM. The DRC is 
dependant upon the pw, Kr and the intensity distribution of the luminaire. Then:
DUF = DR + DRC (8)
1 1
The upward light flux from the luminaire which was taken as 90°to 180 °, and 
would be reflected from the ceiling and walls onto the working plane. This is the 
UUF. This is dependant on pC/ pw, Kr and the CR. The CR is obtained in a 
similar way to that for the DR. CUwp is determined from:
0° to 90° luminaire lumens
C U ^ = [DUF x ( ----------------------------------------- )] +
lamp lumens per luminaire
90° to 180° luminaire lumens
[UUF x (  )] (9)
lamp lumens per luminaire
The illuminance on wall surfaces was determined in a similar way. The 
downward light flux which is incident on the wall surface directly is expressed as 
a fraction of the total downward light flux. This is termed the DWR. To this is 
added the light flux reflected from other room surfaces. This is also expressed as a 
fraction of the total downward light flux and is termed the DWRC. The DWUF is 
given by:
DWUF = DWR+DWRC (10)
The upward light flux from the luminaire is considered in a similar way to 
produce an UWR and an UWRC. The UWUF is given by:
UWUF = UWR + UWRC (11)
CUW is determined from:
0° to 90° luminaire lumens
CUW = [DWUF x ( ------------------------------------------ )] +
lamp lumens per luminaire
90° to 180° luminaire lumens
[UWUF x ( ---------------------------------------------)] (12)
lamp lumens per luminaire
1 2
Where luminaires are suspended from the ceiling the UWR can be determined 
from:
CR + UWR = 1 (13)
The CR for a given room index was assumed to be the same for ceiling mounted 
luminaires.
The illuminance on the ceiling was determined in a similar way. The upward 
light flux which is incident on the ceiling surface directly is expressed as a 
fraction of the total upward light flux. This is termed the CR. To this is added the 
light flux reflected from other room surfaces. This is also expressed as a fraction 
of the total upward light flux and is termed the UCRC. The UCUF is given by:
UCUF = CR + UCRC (14)
The downward light flux from the luminaire which is reflected to the ceiling, as
a fraction of the total downward luminaire lumens is termed the DCUF.
CUW is determined from:
90° to 180° luminaire lumens
CUc = [UCUF x (  )] +
lamp lumens per luminaire
90° to 180° luminaire lumens
[DCUF x (  )] (15)
lamp lumens per luminaire
This approach to the determination of CU for the working plane, wall and 
ceiling demands careful determination of p of these surfaces. The predicted 
illuminance is an average and the effects of obstructions within the space are 
ignored.
2.11 Potter and Russell: Empirical Comparisons and Large Models
In 1954 Potter and Russell (Potter and Russell, 1954) reported on the
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measurement of CU under a variety of conditions using modern and accurate 
equipped laboratory (Potter and Russell, 1951). These results were compared to 
those produced empirically by Harrison and Anderson (Harrison and Anderson, 
1916 and 1920a) and those from zonal interflection calculations derived by Moon 
and Spencer (Moon and Spencer, 1946a and 1946c). The results of the tests show 
that the Harrison and Anderson CU's are conservative in rooms of high Rr and
the Moon and Spencer CU's are lower in rooms of low Rr having high p 
surfaces. This is shown on Figure 3, pl39 of (Potter and Russell, 1954).
The calculations concerning inter-reflectance were based on the assumption that 
the average luminance of the walls was the same as that above the working 
plane. Although the test system was rigorously accurate it was not specifically 
designed for luminaires with very narrow downward light flux. Under these 
conditions substantial differences existed between measured and calculated 
results. With small Rr's it was thought that variations in ceiling luminance 
contributed to the differences with measured and calculated results. Further 
work (Potter and Russell, 1955), including measurements in a 10 m x 10 m test 
room, developed the concept of Flux Ratio. This is used to find the Direct Ratio 
through the use of charts as Figure 3, pl81 of (Potter and Russell, 1955).
This in turn allows the CU to be determined from:
CU = DR +DRC (16)
The results gave results close to those obtained by measurement. A need to 
consider the influence of typical room obstructions was identified, although it 
was recognised that this could not be examined until the CU calculations for 
unobstructed rooms was sufficiently accurate.
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2.12 Theoretical Errors and Correction Factors
Wiseman (Wiseman, 1955) continued to work on methods of calculating 
illuminance on the working plane and wall luminance. In 1955 he had 
developed a set of equations which were similar to those of Moon and Spencer 
(Moon and spencer, 1946a and 1946c), although developed independently. These 
contained a flaw in assuming that the kernel of the integral equation could be 
considered as an exponential function. When tests had been carried out in 
Wiseman's experimental room (Wiseman, 1955) it was found that there were 
significant errors between experimental and calculated results. Wiseman, 
although considering the inaccuracy to be within generally acceptable margins, 
proposed a series of "correction factors" to bring the accuracy to within ± 5%. A  
further comparison of the prediction methods of Bull, Moon and Spencer for 
ceiling, wall and floor illuminance was carried out by Wiseman (Wiseman, 
1957). This confirmed the authors previous results and the accuracy of the test 
room.
2.13 Hopkinson: Room Surfaces as Windows
This estimation of the illuminance and luminance of room surfaces was of 
particular use to the designer who was concerned with contrast and modelling. 
Hopkinson (Hopkinson, 1955) proposed a modification of the Empirical Daylight 
Formula (Hopkinson, et. al., 1954) to estimate the indirect illuminance in 
artificially lit interiors. The theory, which was based on that of the integrating 
sphere and not of rectangular rooms, gave results which were close to those 
obtained using the Harrison and Anderson method (Harrison and Anderson, 
1916 and 1920a).
2.14 Zonal Factor Interflectance Method of Coefficient of Utilisation accepted 1956
Following a critical review of the research which followed the work by Harrison
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and Anderson on the lumen method (Harrison and Anderson, 1920a), in May 
1956 the Committee on Lighting Design Practice of the Illuminating Engineering 
Society of America recommended the adoption of the Zonal Factor Interflectance 
Method of calculation of CU (IES (U.S.A.), 1956). This review considered 
accuracy, practicality and its application to a wide range of luminaires.
2 . 1 5  P h i l l i p s  a n d  L u m i n a n c e  P a t t e r n s
The need for a method of calculating the direct illuminance required to provide 
a specified luminance pattern in the room was identified by Bellchambers and 
Ackerman (Bellchambers and Ackerman, 1955). This work was further 
developed by Phillips (Phillips, 1956) in order to provide a relatively simple and 
practical means of achieving this objective, or of reversing the process. The 
theory on which Phillips based his work was originally developed by Yamauti 
(Yamauti 1929) and Moon (Moon, 1936b). If the total flux on one room surface 
from another surface can be found, when divided by the area of the surface w ill 
give the illuminance of the surface. This is developed theoretically through the 
use of integration and the theory of reciprocity to provide the basic relationships 
shown on Figures 1 and 2, p77 of (Phillips, 1956). These relationships are valid 
providing that:
(a) Each surface is perfectly flat and of neutral colour.
(b) Each surface has a uniform reflectance factor.
(c) Each surface is uniformly illuminated.
2 . 1 6  S p e n c e r  a n d  O b s t r u c t i o n s
By 1957 the interflection method was considered to be a sufficiently accurate 
method of CU prediction (Churchill and Putnam, 1957), that the influence of 
obstructions within the space, as identified by Potter and Russell (Potter and 
Russell, 1954), could be considered. Spencer (Spencer, 1957) proposed a simple 
method which converts a room containing regular solid sided obstructions into a 
space to which the basic principles of the interflection method can be applied.
1 6
The general layout of this fictitious unobstructed room is shown on Figure 2.4.
F i g u r e  2 . 4  A  f i c t i t i o u s  e m p t y  r o o m  i s  a s s u m e d  t o  e x i s t  w i t h i n  t h e  a c t u a l  
o b s t r u c t e d  r o o m
Beams
F ic titio u s  C ei l i i t
Fictitious F l o o r
0ra^ti7i|. Tatles
The equivalent reflectance of the wall, floor or ceiling is determined by the 
equivalent reflectance of the recess (peq). This is then averaged with the actual 
reflectance of the floor, wall or ceiling to give a reflectance value which can be 
used in the interflection method of CU determination. The method required the 
determination of kr, where:
h(l + w)
K  = ----------   (17)
21w
The determination of the peq is by the application of one of the interflection 
equations as:
[ p w c ( l + p c c ) '2 p cc]  sin h  2 k rV ( l - p wc)  +  2 p ccV ( l - p wc)  cos h 2 k rV ( l - p wc)
peq = ---------------------------------------------------------------------------------------  (18)
[2-pwc(l+pcc)j sin h 2krV(l-pwc) + 2V(l-pwc) cos h 2krV (l-pwc)
1 7
The average reflectance (pav) of the fictitious plane which includes the mouth of 
all recesses and cavities formed by the obstructions, is found from:
-A-dPd "t" -A-cPeq
Pav =   (19)
Ad +A C
This in turn allows the interflectance "f'to be determined since it must take into 
account the reflectance of all surfaces. The CU can then be determined from:
ku = f.g (20)
Spencer (Spencer, 1957) gives examples of the calculations which show an 8 % 
reduction in CU due to solid sided desks of surface reflectance 30%. Whilst this 
application of the interflection method brings with it the ability to consider the 
effects of variable luminance on room surfaces, there remains the possible 
inaccuracy of the exponential kernels as solutions to the interflection equations. 
The method has not been applied to open sided obstructions of variable 
dimensions. The method only deals with the reduction of the indirect 
component of utilisation factor and cannot consider the effects of obstruction 
above the working plane height or below the line of the ceiling cavity. Further 
work into the effective reflectance of floor cavities was carried out by O'Brien 
(O’Brien, 1966)
2.17 Lynes and Obstructions
An alternative approach by Lynes (Lynes, 1959) to the prediction of surface 
illuminance, which was based on earlier work by Waldram (Waldram, 1954) and 
Phillips (Phillips, 1956), was able to consider the influence of predominantly 
vertical obstructions. The work was also concerned with removing some of the 
inaccuracies concerning geometric means of reflection factors and the application 
of the integrating sphere approach to inter-reflection of the Phillips method. The 
basic equations are developed for a rectangular room illuminated by uniformly 
spaced luminaires. The utilisation factor of any surface of the room is
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determined in a similar manner to that used to determine the Utilisation factor 
of the floor. Where;
EF = Edf + Eif (21)
This can be expressed in terms of incident flux as;
Op — Opp ^IF (22)
The term Oif can be separated into the flux received from the ceiling and that 
received from the walls. Then;
The total flux reaching the walls takes into account the flux transfer from some 
parts of the wall surface to other parts of the wall surface. The utilisation factor 
for the floor surface can be found from;
Op Odf + IcfPc^C + IwfPw^W 
<E>L
Therefore,
Up = U dp + IcfPcU c + IwfPwUw (25)
The utilisation factor for the wall is;
Op -  O qp +  I cfPc^ c +  I wfPwO w (23)
Ow
Uw = — (26)
Uw(l ■ Iwwpvv) — U d w  +  I c w P cU c  + IpwpfUp (27)
and the utilisation factor for the ceiling is;
Oc
Uc = — (28)
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Uc — UDc + IwcPwUw + IFcpfUF (29)
The "I" factors are functions of the room geometry and indicate the proportion of 
light flux which is donated from one surface and received at another. The sum of 
”1" factors in relation to light from a surface must add up to 1, e.g., ICf +  lew  = 1 
They can be determined accurately by the use of flux functions (Yamauti, 1929). 
This treatment of inter-reflections within interiors is similar to the treatment of 
radiant heat transfer factors in an enclosure (Hottle and Sarofim, 1967). In order 
to allow calculations of an acceptable accuracy to proceed, charts of ICf and IAf 
were included.
The ratio of illuminance noted by Bellchambers (Bellchambers and Ackerman, 
1955) can also be applied to utilisation factors as;
Et U s
— = —  (30)
Ed U ds
and this is shown applied to the determination of the utilisation factor of a 
horizontal imaginary working plane. Other examples consider:
(a) Varying the reflection factor of walls
(b) Non-uniform wall luminance
(c) A glossy wall
(d) A vertical obstruction within a room
These examples demonstrate the use of the utilisation factor equations and the 
principles of symmetry and reciprocity with respect to the determination of "I" 
factors. This approach could be applied to rooms which although not of the 
classic Harrison Anderson pattern (Harrison and Anderson, 1920a), were 
generally regular in shape. Differences in reflection factors of surfaces and the 
size of those surfaces could also be determined through the use of the utilisation 
factor equations. This approach allowed the designer to more accurately consider 
the effect of common features within artificially lit interiors.
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2.18 Jones and Neidart: An Alternative Approach
In 1957 Jones and Neidhart proposed an alternative method of calculating 
utilisation factors (Jones and Neidart, 1957). This method assumed that rooms 
were square and that wall luminance was uniform. Inter-reflectance was 
computed by an algebraic method. Figure 2.5 shows the inter-reflection within a 
room having a matt black floor and ceiling.
Figure 2.5 Inter-reflection within a room having a matt black floor and ceiling as 
proposed by Jones and Neidhart ( Jones and Neidhart, 1957). Flux directed to the 
wall on the left side is reflected. Part p^x is reflected to the ceiling; part pojZ is
reflected to the working plane and part pQy is reflected to the other walls. The 
part which is reflected to the other three walls is rereflected to the ceiling, 
working plane and the other three walls
f i , X
When the interflectance of the wall (fw) is considered, it can be shown that:
fw = po)Z + (paZXpay) + (po>z)(pcoy)2 + (pcoz)(pcoy)3 + (p0>z)(pC0y)4 + .... (31)
(pa>Z)
fw = -----------  (32)
( i  -  Pc*y)
This method is expanded to form a progression or geometric progression of the 
reflections of flux from the walls to the working plane. The method is similar to 
that adopted when considering reflections within an integrating sphere, 
although it has been applied to a square room.
2.19 Waldram and Designed Appearance
Waldram (Waldram, 1958) further developed the Method of Designed 
Appearance so that data prepared for the Jones-Neidhart method (Jones and 
Neidart, 1951 and 1953) could be directly used. The method uses the scale of 
Apparent Brightness derived by Hopkinson (Hopkinson, et. al., 1941) since this 
was thought to approximate to the human perception of brightness.
The inter-reflected component of illuminance at any point in a room is 
determined by assuming that the room surfaces act as windows, the illuminance 
at any point is then the "sky factor" of the surface multiplied by its luminance. 
For clarity the term "sky factor" is called "Luminance Factor". This approach 
assumes that the room is unobstructed. The illuminance factors are products of 
the room geometry, as shown on Figures 7 and 8 , p l l8 of (Waldram, 1958), and 
total 100% for light received from five surfaces. This is correct for points on room 
surfaces but where points are considered on the working plane the contribution 
from the floor cavity is ignored.
Table 2, pl20 of (Waldram, 1958) shows a summary of the results of the designed 
appearance method. This table allows the designer to determine the inter­
reflected and direct components of illuminance in a room.
The direct flux to the working plane expressed as a fraction of the flux from the 
luminaire emitted below the horizontal is the direct ratio of the Jones-Neidhart 
method (Jones and Neidart, 1951 and 1953). Where tables showing the
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proportion of flux above and below the horizontal are available these can be used 
to select a suitable luminaire. The tables would also provide the direct and 
ceiling ratios as a function of spacing to mounting height ratio and room index.
It is proposed that the approach by Spencer (Spencer, 1957) be adopted to consider 
the effective reflectance of the floor and ceiling cavities.
2 . 2 0  O ' B r i e n  a n d  a n  A n a l o g u e  C o m p u t e r
O'Brien (O’Brien, 1958) was aware that the use of an overall equivalent 
reflectance for a floor or ceiling which contained areas with significantly 
different reflectance, could lead to large errors in the calculation of illuminance. 
There was a need to refine the calculation process in order to move a way from a 
reliance on the empirical data obtained from full-size experiments. These were 
restricted to generic types of space and luminaire. The distribution of radiant flux 
in a space has assumed to be represented by:
Lj = Lqi +P1E1 (33)
Where the emittance Ln is assumed to be uniform over some area An then this 
can be re-written as:
Li = L0i + fcOUIw + bsEi-tf + ........+ LnFi_>n) (34)
This can be re-written as:
[Lfai/ (l~Pi)]~L: L1 -L 2 L1 -L 3 Li - Ln
----------------------     +  + . . . . --------------------  (3 5 )
Pi /  (l-pi)Ai 1 /A iF ^  l /A iF ^  1/AjFi^n
This approach defines a network or circuit which can describe the flux 
distribution within a room. The potentials of the network are the luminous 
emittance terms and the network impedances are the surface reflectance and 
shape modulii terms. An electrical analogue computer, which had recently been 
constructed, was able to solve these equations. This use of technology further
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emphasised the growing need for lighting designers to move away from the 
Harrison Anderson approach of simple symmetrical lighting solutions to those 
involving complex asymmetry.
2.21 Accuracy and the Interflection Method
The factors which affect the accuracy of the interflection method was well 
summarised by Spencer (Spencer, 1958). This was published in response to 
previously published works which used experimental results to question the 
accuracy of the interflection theory (Bull, 1957; Wiseman 1957). The influence of 
experimental technique was an obvious factor to consider since Churchill and 
Putnam (Churchill and Putnam, 1957) had previously obtained good agreement 
with the interflection tables. Two characteristics of any experimental model 
room which w ill influence the accuracy of measured illuminance is firstly the 
reflectance characteristics of the room surfaces and secondly the lack of uniform 
luminance of room surfaces. The inherent inaccuracies of the interflection 
method are due to a reliance on exponential solutions to the interflection 
equations. Spencer has produced exact solutions (Spencer, 1958) and these have 
been compared to the exponential solutions for specific rooms. This has shown 
that for black rooms with the same Kr the same approximate solution applies, 
whereas there is a different exact solution for every black room shape. This 
questions the adoption of the room index concept when accurate prediction of 
room illuminance is required. These results are shown on Figure 1 and Table 1, 
p245 of (Spencer, 1958).
This shows that the larger the room the more accurate is the approximation. In  
the Kr range of 0 to 1.0 the inaccuracies are low, generally less than 10%. When a 
room of Kr 1.0 with high reflectance surfaces was examined it was found that the 
difference between the accurate solution (H t) and the approximate solution (H la) 
was no more than 6%, as shown on Figure 6, p248 of (Spencer, 1958).
These inaccuracies could be corrected by the use of factors based on the difference
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between exact and approximate values of the interflectance for dark rooms. Since 
these are only concerned with the direct component of illuminance the inter­
reflected component would be drawn directly from the interflection tables.
When this is applied accuracies within 1% are claimed. Additionally it is 
suggested that when furniture is added to a room this w ill reduce the inter­
reflected component by approximately the same amount as the correction factors 
will increase it.
2 . 2 2  F l o o r  a n d  C e i l i n g  C a v i t i e s
The new approach to classifying an interior by dividing rectangular rooms into 
three cavities (Spencer, 1957) was proposed by Jones and Jones (Jones and Jones, 
1959). The shape of the room and the floor and ceiling cavities are described as 
Room and Cavity Ratios. These are shown on Figure 2.6.
F i g u r e  2 . 6  A  m e t h o d  o f  s p l i t t i n g  a  r o o m  i n t o  t h r e e  s e c t i o n s .
( p e a  =  e f f e c t i v e  r e f l e c t a n c e  o f  c e i l i n g  c a v i t y ;  p fc =  e f f e c t i v e  r e f l e c t a n c e  o f  f l o o r  
c a v i t y )
C E I L I W C  C A V J T *  K e =  t i
F| XTORE FLA'
 P>
now  k.
F L C 0 3  C A V I T Y  K r  *  —
This approach can accommodate a difference in luminance between that part of 
the wall within the cavities and that part of the wall which is outside the 
cavities. It is assumed that the cavity surfaces are perfect diffusers and that they
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have uniform luminance. This is inaccurate, and the interflection method does 
allow for differences in wall, ceiling, floor luminance. It is also assumed that flux 
enters and leaves the floor or ceiling cavity diffusely. This was examined by Jones 
and Jones who determined that such errors were small and that they were 
complementary for a range of standard conditions.
The direct component of illuminance at a point in a room can be accurately 
determined through the use of zonal multiplier. The interflection method of 
Moon and Spencer (Moon and Spencer, 1936a) to determine the inter-reflected 
component becomes less accurate for high narrow rooms. The analogue 
computer developed by O'Brien (O'Brien, 1958) offers an alternative approach. 
Jones and Jones suggest that a 12 surface computer method would be sufficient 
for most applications. This method used the initial luminance of the room 
surfaces in flux transfer equations to summate the total inter-reflected 
illuminance. This could only be calculated when the intensity distribution of the 
luminaire was known. At this time, in 1959, this was not available in a form 
which could be used directly.
2.23 Visual Performance and Illuminance
With the development of inter-reflection theory and the increase in perceived 
accuracy of the methods of illuminance prediction, it became necessary to 
critically appraise the illuminance required for specific tasks. This must take 
account of visual performance. Blackwell (Blackwell, 1959; Blackwell and 
Blackwell, 1980) proposed a method of illuminance specification which whilst 
recognising the role of visual performance, identified the need for further work 
in the areas of visual capacity and field factors. The latter are required in order to 
quantify the difference between standard laboratory test results and actual tasks 
in real situations.
2.24 An Elemental Approach to Inter-reflections
In 1960 a new approach to inter-reflections was proposed (Phillips and
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Prokhovnik, 1960). This used the principles developed by O'Brien (O'Brien and 
Howard, 1959) and Lynes (Lynes, 1959) of dividing the room surfaces into a 
number of elements. The contribution to the illuminance of one surface (i) from 
another (j) is determined by the use of exchange factors (e Lj) and form factors (fi.j). 
These factors have the following relationship:
eij
fi.j = ------ and eLj = % (36)
Factors can be developed which describe flux from one part of a surface being 
received by another part of the same surface e.g., e  ^fu. These are termed radiant 
exchange form factors. This requires that some part of the surface is seen by 
another part. When the form factor is considered as a ratio of illuminance and 
luminance the first subscript refers to the receiving surface. When the form 
factor is considered as a ratio between fluxes the first subscript refers to the 
emitting surface.
When this method is applied to two perfectly diffusing parallel planes the results 
are identical to those of developed by Moon and Spencer (Moon and Spencer,
A similar approach has been adopted for the treatment of a recess. The plane 
bounding the recess is assumed to be transparent and of zero reflectance. If  this 
plane is receiving unit illuminance from above then when viewed from below 
this w ill have unit luminance. The illuminance passing through this plane from 
below w ill be numerically equal to its luminance and this w ill also be equal to
the equivalent reflectance of the plane ( p e q ) .
Si
Then
(37)
Which in general terms can be expressed as:
(38)
1936).
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Where:
P2S1/S 2
Peq (39)
1”P2 (1—Si /  S2)
For the general case in an interior with no re-entrant shapes and the interior 
divided into "n" elements, the total illuminance on the ith element is equal to 
the direct illuminance plus the illuminance provided by the final luminance of 
all the other surfaces elements visible from it. This total when multiplied by its 
reflectance gives its luminance as:
As there are "n" elements there are "n" equations which can be transposed to 
give Eoi.
Waldrams proposal (Waldram, 1954) was to set the final luminances, substitute 
these into the equations as Equation (40), and determine the direct illuminance 
pattern. The degree of accuracy is related to "n", which becomes increasingly 
laborious the greater the size of "n". Since there is a need for a reasonable degree 
of accuracy of designers, and that this accuracy must be related to previous work 
relating to inter-reflections, Phillips and Prokhovnik considered three methods 
of determination of inter-reflections in rectangular interiors.
The concept of a space index was used as a method of defining the shape of the 
interior. Using the relationship of flux distribution in a space as Hisano (Hisano, 
1946) this is given by:
This is twice the value of kr used by Moon and Spencer (Moon and Spencer, 
1946c) and if the space is considered to be that bounded by the plane of the 
luminaires and the working plane then this is the reciprocal of the Kr value 
used by Harrison and Anderson (Harrison and Anderson, 1916 and 1920a). A
U = p1(E0i+fnLi+ fi2L2+ fiiLi+ +finLn) (40)
2h
Space index q = —
w
(41)
28
flux function, P(q), was defined in relation to q so that:
lew
P(q) = ---- (42)
Ic
The determination of flux distribution on the walls uses a step function and not 
the continuous function adopted by Moon and Spencer (Moon and Spencer, 
1946c). This simplifies the solution to linear equations as Equation (40) shown 
above. These functions are used for the determination of inter-reflections 
within a rectangular room using three methods.
Method 1. A  three surface room. The ceiling, floor, and all the walls.
Method 2 A five surface room. The ceiling, floor, walls above the plane of the 
luminaires the walls below the working plane and walls between 
these imaginary planes.
Method 3. A  three surface room. The imaginary plane of the luminaires, the 
imaginary working plane and the walls between these planes.
Method 4. A twelve surface room. The ceiling, floor and the walls which have 
been divided into 10 horizontal strips of equal height.
The results show that when the exponential approximation of the flux 
distribution is adopted the difference in results is negligible. When the step 
function is used there are considerable differences. Even when Methods 1 and 2 
are used the results are closer to Method 4 than those obtained by using the 
Moon and Spencer results. When these methods are compared to experimental 
results (Potter and Russell, 1954), Method 1 differed by a maximum of -6.6%, 
Method 2 by a maximum of -3.4% and Method 3 by a maximum of -4.7%. These 
results were sufficiently accurate for the authors to recommend their general use.
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2.25 Further Computing by O'Brien
Additional work by O'Brien (O'Brien, 1960) demonstrated the calculating power 
of an IBM 709 digital computer. The quantities which specify the illuminance 
and luminance distribution in 35,000 different rooms was tabulated. There was a 
need to consider the relative accuracy of the domance, kr, compared to more 
detailed calculations of room geometry. Large rooms with small kr appeared to 
give small errors, although in dark rooms with large kr errors can approach 50% 
(Spencer, 1958). O'Brien compared the illuminance and luminance distribution 
of square and infinitely long rooms, in general the extreme cases displayed 
differences of <12%. The calculations were based on nine transfer functions for 
symmetrically rectangular rooms using a three surface approximation using 
walls, floor and ceiling. These can be used to determine the following ratios:
Li Lq Li L3
—  —  — ..........  —  (43)
L qI  L q2 1-03 b03
Which in turn allow the final luminance of a surface to be determined when the 
initial luminance is specified. The accuracy of the method is increased when the 
number of finite surfaces representing the space is increased.
In order to consider real interiors the diffuse reflectance of the ceiling was taken 
as 0.7 and 0.8, the diffuse reflectance of floor 0.3 and 0.1, and the walls 0.1, 0.3, 0.5, 
and 0.8. These values are similar to those used by Boast (Boast, 1953).
2.26 Increasing the Speed of Computing Coefficients of Utilisation
Although in 1960 the advantages of the general purpose analog computer 
(O'Brien, 1958) were well known, they were still considered to be too time 
consuming for the computation of coefficients of utilisation using the 
interflectance method (Jones, 1964). The alternative approaches of determining 
illuminance by ray tracing techniques (Jones and Neidart 1957) and luminous 
transfer systems (O'Brien, 1958) can produce results which are in reasonable
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agreement. It was proposed by Jones (Jones, 1964) that the use of a three-surface 
analog computer would offer the advantages of simplicity, convenience and 
accuracy. The general assumptions of ceiling and walls of uniform luminance 
were made. The difference here was that luminance was determined by the 
application of luminance coefficients as:
Fjx BC
U  = ------------  (44)
Af
feO = fctstytfaw) .
This could also accommodate a maintenance factor to provide a service
luminance in the same way as that provided by a lumen maintenance factor.
The influence of room shape and the position of the point in the room on
configuration factor or shape modulus is much more than the ratio of room
width to length. Because of this Jones suggests that room shapes of up to 3:1
length to width ratio can be considered square without incurring large errors. At
this time an alternative method of classifying room shape was under
consideration. This was termed the Room Cavity Ratio, defined as:
(L + W)
RCR = 5hm-------------  (45)
LW
Having determined a uniform grid over the area of the room to be considered 
and identified the grid intersection points it was possible to determine 
configuration factors. These could be used to determine illuminance at a point in 
the room as:
E = Lw- F^ja (1^ -Lc) (46)
The wiring diagram of the computer used to carry out these basic calculations is 
shown in Figure 8, p361 of (Jones, 1964). The values of Lw>, Lf and Lc can be read 
off directly from the resistor values.
The computer could be modified to enable it to be used by a non-technical
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operator. Tables of coefficients of utilisation and luminance coefficients could be 
produced in this way.
2.27 Specular Reflecting Surfaces
With the increasing reliability of computers and additional theoretical 
developments in the field of radiant heat transfer (Sparrow, et. al., 1962), it was 
possible to carry out many complex flux transfer calculations. A  general 
assumption in the research work to date had been that all of the room surfaces 
were diffusely reflecting. This is reasonable for many interiors but it was 
recognised that certain surfaces would exhibit specular reflectance. This was 
considered by O’Brien and Bobco (O'Brien and Bobco, 1964) who considered the 
specular reflecting surfaces to perform as mirrors in an enclosure. Illuminance 
was determined for all surfaces following the general form:
Ei = Eoi + PlE! (47)
Where E! is a product of shape modulus or configuration factors and the mirror 
reflectances of the room surfaces. The equations for all room surfaces can be 
represented as Kirchoff's current law expressions and these could be solved by an 
analog computer (O'Brien, 1958). The initial results of this proposal were 
inconclusive since only two wall surfaces in a square room were considered to 
act as mirrors. O'Brien continued to theoretically analyse the problem of specular 
reflection in a grooved blackbody cavity (O'Brien, 1965b) for application in 
luminaire design.
2.28 Approval of the Zonal Cavity Method 1964
In 1964 the council of the Illuminating Engineering Society (USA) approved the 
zonal-cavity method of calculating coefficients of utilisation (IES (U.S.A.), 1964). 
This method expanded the existing method (IES (U.S.A.), 1956) to include the
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following:
1. Unrestricted pendant luminaire suspension lengths
2 Various work plane heights.
3. Different wall reflectances above and below the luminaires.
4. Obstructions within the ceiling cavity and in the floor cavity.
5. Room shapes composed of more than one rectangle.
6. Partitioned areas within larger rooms.
The method was partially explained by Jones and Jones (Jones and Jones, 1959) 
who developed the approach which divided the room into the ceiling cavity, 
floor cavity and room cavity. The Hisano (Hisano, 1946) room index method was 
adopted to describe the shape of these cavities which were defined as:
5hm(L+W)
  (48)
LW
5hcC(L+W)
-----------------------------------  (4 9 )
LW
5hw(L+W)
---------------------------------- (50)
LW
Where the cavities were unobstructed, the effective reflectances of the cavities 
for a range of typical wall and ceiling reflectances had been produced in graphical 
form. These are shown on Figures 12,13 and 14, p324 of (IES (U.S.A.), 1964). This 
approach was adopted in order to simplify the procedure for determination of 
coefficient of utilisation.
2 . 2 9  A  M a n u a l  A l t e r n a t i v e  f o r  C o e f f i c i e n t  o f  U t i l i s a t i o n  C a l c u l a t i o n
Following the publication of the recommended calculation method by the IES 
(USA) Lighting Design Practice Committee (IES (U.S.A.), 1964) additional data
Room Cavity Ratio (RCR)
Ceiling Cavity Ratio (CCR)
Floor Cavity Ratio (FCR)
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from a computer study became available. At this time it was recognised that 
computers were not generally available and O'Brien produced a numerical 
method to allow designers to solve the flux transfer equations. This involved 12 
steps and 21 intermediate quantities and removed the need to manipulate a large 
matrix of transfer functions. This is discussed in Chapter 9, when this method is 
used to determine the effective reflectance of the floor cavity.
2 . 3 0  S c a l a r  a n d  V e c t o r  I l l u m i n a n c e
All of the foregoing methods of analysis were primarily concerned with the 
prediction of horizontal illuminance. Vertical illuminance was of secondary 
importance, although used for the determination of the inter-reflected 
component of illuminance. The validity of this two-dimensional approach as a 
measure of lighting provision for visual tasks was questioned by Allphin 
(Allphin, 1965) and Blackwell (Blackwell, 1965). There was a clear need to 
measure illuminance in a three-dimensional way and a method was proposed 
by Lynes and others (Lynes, et. al., 1966). This used the concept of Scalar 
Illuminance. Since this was based on the surface area of a sphere the difference 
between scalar and horizontal illuminance was 0.25. In the general case of an 
area source of L! subtending a solid angle co at a point p, then:
coL
E = —  (51)
4
Average Scalar illuminance could be obtained from the lumen method of 
lighting design by the application of scalar coefficients of utilisation. Although 
this method does give an accurate measure of light quantity it does not give any 
indication of light direction. This is also true of all the methods described so far. 
The small sphere was again used and the maximum difference in illuminance 
across a diameter was termed the Vector Illuminance. The contribution of inter­
reflections of light to vector illuminance will vary depending upon the interior. 
Strongly directed light sources will dominate vector illuminance whereas an
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interior composed of many diffusely reflecting surfaces may inter-reflect similar 
amounts of light to the measurement point resulting in low or even a zero 
value being measured.
Vector illuminance measurements in interiors show that the flow of light, as 
determined by the direction of the illuminance vector, does not follow straight 
lines when daylight is combined with artificial light. This is shown on Figure 2.7.
F i g u r e  2 . 7  V e c t o r i a l  F l o w  d u e  t o  a  c o m b i n a t i o n  o f  d a y l i g h t  a n d  a r t i f i c i a l  l i g h t .
This new approach, using concepts which had already been determined, to the 
specification of illuminance in interiors was expected to be more generally 
adopted. The method is capable of considering the effect of obstructions since the 
scalar illuminance takes into account the light flowing to a point in space from 
all surfaces.
2 . 3 1  A  F l o o r  R e f l e c t a n c e  o f  0 . 2
Further analysis of the influence of specular and diffuse reflectance on surfaces 
bounding room cavities was carried out by O'Brien (O'Brien, 1966). This was in 
response to the adoption of the Zonal Cavity system by the IES (USA) Lighting 
design Practice Committee and the subsequent paper by Jones and Jones (Jones 
and Jones, 1964). The O'Brien paper produced a computation sheet to simplify 
the determination of peq for the mouth of the cavity.
O'Brien (O'Brien, 1967) also continued his earlier work (O'Brien, 1960) on the 
transfer functions in symmetrical rooms. This was concerned with extending the
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range of room surface and floor cavity reflectances, in particular the adoption of a 
floor reflectance of 0.2. Because the transfer functions for square rooms are 
obtained in a more straightforward way than for other room proportions and the 
results of their application were of questionable accuracy, O'Brien produced 
transfer functions for a square and an infinitely long room. The values are 
within 10% of each other. Although the room surfaces were assumed to be of 
uniform luminance a further calculation was carried out to determine the 
variation of illuminance on a wall. This shown on Figures 2 and 3, pl96 of 
(O'Brien, 1967).
The configuration factors of points on the wall surface were found by the use of a 
lune protractor (Jones, 1950). The illuminance at the top of the wall is twice that 
at the base. The protractor could be used to determine the illuminance at other 
points in the room. The accuracy of these results is improved by dividing the 
wall into strips having an average illuminance. This work marks a departure 
from the common use of transfer functions to determine the illuminance of 
room surfaces. This could only be applied to infinitely long rooms since end 
effects have been ignored.
2.32 Coomber and Jay: Designed Appearance
There still remained a need to consider the designed appearance lighting of 
interiors, and the calculation of luminance ratio (Hopkinson, 1965). The 
previously described calculations are complex and were not considered 
sufficiently simplified to be undertaken by the ordinary lighting designer. The 
general stages of the method were as follows:
1. The luminance of surfaces is specified.
2. Calculate the amount of illuminance on a surface due to inter-reflection. 
This involves the solution of matrices which could involve the use of 
computers.
3. Subtract (2) from the total illuminance to find the direct illuminance.
4. Use the direct illuminance on all the surfaces within the space to choose a
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luminaire with the required intensity distribution.
A simplified method was proposed by Coomber and Jay (Coomber and Jay, 1967). 
This was based on the use of computational procedures which were no more 
difficult than those in common use and because of the simplifying Hisano 
approach (Hisano, 1946) only square or rectangular rooms where L /W  < 4 were 
considered. The objective of the method was to allow a designer to select a 
luminare with an intensity distribution which would meet the specified surface 
luminance. The intensity distribution was described by means of a BZ 
classification. There are three stages to the computation.
Firstly the indirect illuminance is determined. The rectangular space and the 
notation of the surfaces is shown on Figure 2.8.
F i g u r e  Z 8  S u r f a c e s  o f  a  r e c t a n g u l a r  p a r a l l e l e p i p e d  a n d  t h e i r  n o t a t i o n
Ceiling: surface 5
Short wall 2: 
surface 2
Long w a ll I: 
surface 3
Short wait /■ 
surface 1 —
s' I Long wall 2: 
surface 4
Floor: surfaced
Since the indirect illuminance on surface 1 due to surface 2 = L2.fi2
Then, the indirect illuminance on surface 1 from all the other surfaces is given
by;
(Ei)i = M 12 + W 13 + L4.f14 + L5.f15 + L6.f16 (52)
Since all of the form factors are dependant on the room geometry they have been 
tabulated for specified room sizes (Coomber and Jay, 1967). In order to avoid 
confusion they are referred to as 'M* factors. Given the reflectance of the surfaces 
and the required luminance, it was possible to determine the total required
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illuminance. The indirect illuminance was found from equation (52) from this 
the direct illuminance could be found, as;
(Et)i = (E d )^ ® ): (53)
The procedure assumed that all of the room surfaces could be treated as 
Lambertian diffusers of uniform luminance. A further simplification was 
achieved by the use of the equivalent square room, as identified by Hisano 
(Hisano, 1946). This eliminated the need to consider the long and short walls of 
the original room, providing the ratio of L:W was < 4, and further tables of ’M ’ 
factors were produced. Comparisons between the exact method, using the 
rectangular room dimensions, and those obtained from the Hisano 
simplification were < 3.5%.
Secondly the specification of the luminaire was determined. The direct ratio 
(Jones and Niedart, 1951 and 1953) can be defined as;
(Ed)f.Af = d.FD (54)
and that part of the downward flux which does not strike the floor directly must 
strike the walls, as;
(Ed)w.Aw= (1- d).FD (55)
It can be shown that;
(Ed)w Ki l -d)
  =   = Rv (56)
(Ed)f 2d
Since the direct ratios of the luminaires and kr can be determined, the Rv values 
have been tabulated for BZ 1 to 10. This assumes square arrays of luminaires, 
standard spacing and range of RI.
Use the direct flux ratio to find Rv, this is then used to find the BZ classification 
of the luminaire. This permits 'F' to be determined, since;
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Fu d. (Ed)c. Ac
F = —  =   (57)
Fd (Ed)f.Af
and in rectangular rooms Af = Ac and calling (Ed)c /(E d)f = C gives;
F = Cd (58)
With the BZ and flux fraction known the luminaire can be selected. The total 
flux required can be determined from;
Af (Ed)f
Fd = ------------------- (59)
d.Mf.(DLOR)
2 . 3 3  L u m i n a n c e  C o e f f i c i e n t s
Luminance coefficients, as first developed by Jones (Jones, 1964), enabled the 
determination of room surface luminance. This method used a similar 
procedure to that adopted for the determination of surface illuminance although 
the luminance coefficient was substituted for the coefficient of utilisation. Since 
the American IES. had adopted the Zonal-Cavity Method of determining room 
surface illuminance (IES (U.S.A.), 1964) the luminance coefficient was seen as a 
supplement to that method. A procedure to compute luminance coefficients 
based on the Zonal Cavity method was produced in 1968 (IES (U.S.A.), 1968).
This was based on a symmetrical array of luminaires and gave average surface 
luminance. A computational procedure using Tables produced luminance 
coefficients to three decimal places.
2 . 3 4  D i r e c t  I l l u m i n a n c e  1 9 6 8
The work of Bellchambers (Bellchambers and Ackerman, 1955) and Einhorn 
(Einhorn, 1951) into the prediction of direct illuminance was reappraised in 1968 
(IES (London), 1968). There was a need to consider the accuracy of applying the 
inverse square law to real interiors. Particularly those containing linear, or long 
rows, of luminaires. The new method classified the axial polar curves of
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luminaires by the power of the cosine of the angle a as shown on Figure 2.9. 
These were annotated as;
A = Cos a 
B = Mean 
C = Cos2 a 
D = Cos3 a  
E = Cos4 a
Luminaires were classified with respect to the accuracy of fit of their axial 
intensity distribution to these five curves.
F i g u r e  2 . 9  D e t e r m i n a t i o n  o f  a s p e c t  f a c t o r
Element dl
Plane of 
v incident 
\  lightc x
(a) Calculation data
Incident light 
v —plane
Since the differences in intensity for various luminaires was difficult to identify
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on the normal polar curve, it was recommended that the ratio of the intensity in 
the axial plane to that of the nadir intensity be plotted against the angle a from 
the nadir. Even this approach did not simplify classification of the intensity 
distribution. Since louvered diffusers do not exhibit the same shape of axial 
intensity distribution curve for every angle of the axial plane, it was 
recommended that only those points which were similar to the axial intensity 
curve through the nadir be used.
It can be shown that for the configuration shown on Figure 2.9;
Ie
Epj = --------. Cos 0. Cos <|). (AF) (60)
l,ha
W HeVt< VJde. o*<\ A \b  te&
Tables of AF have been produced to enable the direct illuminance of planes 
around linear luminaires to be determined. A method of calculating the average 
direct illuminance from linear sources was also described. The flux falling on a 
rectangular area with the same length as the linear luminaire can be found 
from;
llOn + 0
Fpl(0) = nsls(I5.f0-»io + Il5*fl0->20 + .........  • flOn-fi) (61)
2
The flux factors (f0->10 etc) between 0° and 90° have been tabulated for the axial 
distributions as above and for 1S/H S ratios from 0.5 to 10. The average 
illuminance on the rectangular area of interest is found from;
F pi(0)
Eav =    (62)
A
The inherent weakness in the classification of the axial intensity distribution was 
considered acceptable since the numbers of luminaires with intensity 
distributions which differed markedly from those described were relatively 
small.
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2.35 Area Sources
The method did not directly address the need to predict illuminance from area 
sources. Bell (Bell, 1973) proposed a method which considered the area sources 
whose boundaries were straight lines. An evaluation of the double integral 
relating to the area source, given as;
Lt
E = J J----- . Cos "+1 (0V). dx. dy (63)
Ri r2
has been carried out (Bean, 1964) for the case when n = 1. The approach by Bell is 
to consider the area in terms of triangles which can then be arranged to produce 
polygons. The integration allows for the determination of direct parallel plane 
and scalar illuminance.
At this time work by Plant and Archer (Plant and Archer, 1973) was concerned 
with the use of a finite element technique to model daylight in interiors in a 
computer programme. The interior was divided into elements and the centre of 
each element was considered as a point source. Cartesian co-ordinates are used to 
define positions. The sky hemisphere and external ground surface are treated in 
a similar manner. Elements which are close together are subdivided to give 
increased accuracy. A ray tracing technique is then carried out to determine if a 
surface intersects the line of flux transfer between elements. If this occurs then 
the surface is either given a transmission factor, in the case of a window, or 
given a zero value for an opaque surface.
The concept of sector flux (Einhorn, 1951) although useful to designers was 
handicapped by the lack of published luminaire data and its application being 
limited to rows of luminaires. Einhorn proposed a new concept capable of 
considering single luminaires termed Angle Flux (Einhorn, 1973). Angle flux is 
flux per angle with units lumens per radian. When two semi-infinite planes 
intersect at the axis of a linear source then;
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A F d<D /d0p (64)
The total flux of the source is;
2k
f  Ap . d0p 
0
(65)
This is related to sector flux as;
J A /Q (66)
Since it has been shown that the shape of an axial polar curve of intensity varies 
little with direction (IES (London), 1968), then the angle flux polar curve has a 
similar shape. Therefore;
The constant kk does not vary with direction and is identical with J /ID. Although 
the values of kk can be measured for any angle Einhorn suggests that when kk is 
determined from;
the errors are < 2%. In order for this method of direct illuminance prediction to 
be adopted the photometric data of the luminaire must include values of Angle 
flux and Sector flux.
2 . 3 6  D i L a u r a :  E q u i v a l e n t  s p h e r e  I l l u m i n a t i o n
The growth in the use and application of computers up to 1975, enabled the 
emphasis of artificial lighting prediction methods to substantially change 
direction. The traditional approach, as previously described, was directed at 
providing the designer with the most straightforward set of calculations 
available. The use of charts, tables and protractors all assisted in achieving this 
objective. The calculating power of computers was now sufficiently developed to
AF(0) = kk.I(0) (67)
1  +  I55 / l o (68)
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allow DiLaura to propose a method for the computation of equivalent sphere 
illumination (DiLaura, 1975). This method was claimed to speed up the 
calculation time without the loss of accuracy. The procedure was divided into 
two parts in order to determine the task and background luminance. Firstly the 
direct component of illuminance was considered.
The angular plane co-ordinate system of the target area and the luminaire is as 
shown on Figure 2.10.
F i g u r e  2 . 1 0  G e o m e t r i c  d e t a i l s  o f  t a s k  p o s i t i o n ,  v i e w e r  d i r e c t i o n  a n d  l u m i n a i r e
The planes containing 0D and are parallel and perpendicular to the walls of 
the room. It is assumed that the element of the luminaire dA has an intensity 
distribution equal to the intensity distribution of the complete luminaire. The 
variation of surface reflectance is considered as a BRDF and can be applied to the 
background of the source or the light receiving area. An additional shadow (S) 
function is also used to take account of the observers body shadow. The 
background luminance produced by the luminaire can be obtained from;
VIEWER
'TARGET
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1 'Pm 0D1 Pb(eD,'I'D)I(eD>'FD)S(0D>'I'D)Sin(eD)Sin(>PD)
K  = —  I I  -----------------------------------------------------------  deDd>PD
A  P D1 eD1 [1 -C o s 2 (0 d)Cos2('Pd)]3/2
(69)
This can be used to determine a constant for the intensity distribution of the 
luminaire and the BRDF which is independent of luminaire or target position in
the room (DiLaura, 1975). Task luminance can be obtained by substituting pt for
pb/ and the illuminance of the target is obtained by removal of the BRDF data. 
Although it is assumed that the luminaires are positioned at the intersection 
points of a grid, they need not be uniformly spaced. Also it is possible to 
determine the illuminance at the target surface by adding the contribution of 
several luminaire arrays.
The second part of the procedure is concerned with the prediction of the 
background and task luminance of a target point anywhere in a room. A finite 
element method is used which divides the room into xd/ yd/ and zd co-ordinates. 
These are divided into segments and the each can be assigned a reflectance.
The initial illuminance at the centre of each segment can be found in a similar 
manner to that used to determine the direct illuminance at a target point on a 
surface. The problem of radiative transfer of light flux is complicated by the 
number of radiative exchange factors. DiLaura has defined 6 surfaces within the 
room. A Gauss-Siedel iteration scheme has been used to solve the flux transfer 
equations which gives the current estimate of any element's final luminance as;
6 J(a) K(a)
= p(i,j,k) [ E(i, j, k) + X X  X  C(i, j. k)(a, b, c). L(a, b, c)]
a=l b=l c=l 
a±i
i = 1,..... 6
j = b ..... J(i)
k = 1......K(i)
(70)
This can be simplified by considering each element of each whole surface and its
L(i,j,k)
Where;
6^6
45
average luminance. Further analysis using finite Fourier series allows the 
determination of surface luminance due to direct and inter-reflected flux. This 
approach has reduced the computational stages allowing the development of an 
algorithm which could be used as a basis for a computer programme.
2 . 3 7  L y n e s :  T h e  L u m i n a i r e  D o m a i n
The 1973 IES Code for Interior Lighting (IES (London), 1973a) recommended 
ratios for ceiling and wall illuminance to task illuminance. The designer 
required a method of luminaire selection which would meet those ratios. Lynes 
proposed a method of achieving this objective by the concept of the luminaire 
domain (Lynes, 1975a and 1975b). Lynes shows that for the flux reaching the 
floor;
DR
U p -  pcfcU c -  pwfwU w  = ---------------  (71)
(1+ FFR)
Similar expressions can be developed for the flux reaching the ceiling and the 
walls. The utilance terms are therefore dependant upon the DR and FFR which 
also determine the ratios of ceiling and wall illuminance to task illuminance. 
The luminaire domain is shown on Figure 1, pl86 of (Lynes, 1975a) as a straight 
line. This is also true for combinations of different luminaires.
The lines for different wall/task illuminance ratios will converge to a point 
where they appear equal. Since this cannot occur unless the luminaire is 
switched off Lynes proposes the concept of an unreal luminaire. This is defined 
and when combined with real luminaires charts similar to Figure 1, p i86 of 
(Lynes, 1975a), can be produced to act as nomograms for use by designers. These 
assist the design process since they inform the designer of the implications, in 
illuminance ratio terms, of major design decisions. The concept of the luminaire 
domain is an alternative to inter-reflection theory which appears to offer 
advantages in speed of calculation.
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2.38 DiLaura: Visual Comfort Probability
The earlier work of DiLaura (DiLaura, 1975) was further developed into the area 
of Visual Comfort Probability (VCP)(DiLaura, 1976). This enabled the average 
field luminance to be determined from;
Lf = (Lc(coc - cot) + (Lco)t + Lf cof + LwCoJ (72)
The VCP is expressed as a function of observer position due to a rectangular array 
of luminaires. The procedure is similar to that adopted by DiLaura (DiLaura,
1975) although the field of view of the observer w ill determine the degree of 
influence of individual luminaires. The method could be applied to various 
points within a room and for varying viewing directions. A computer algorithm 
is provided for these calculations. It is possible to adapt the VCP results to 
provide Discomfort Glare ratings. This is one of the first examples of an artificial 
lighting design process which can provide details of illuminance, luminance and 
comfort.
2.39 Utilisation Factors: The IES (London) Proposals
In 1976 Bean (Bean and Bell, 1976) published a review of the various methods of 
calculating utilisation factor since Harrison and Anderson (Harrison and 
Anderson, 1920a). The proposed calculation system was seen as an advantage to 
the various available calculation methods. The system follows two basic stages:
1. Calculate the direct flux to each room surface
2. Using these fluxes calculate the final flux on each surface after inter­
reflection.
The use of Distribution Factors (DF[SJ) is proposed. These could be applied to 
floor and ceiling cavities and walls. Since tables of zonal multipliers were 
available (Phillips and Prokhovnik, 1960) and transfer factors for a range of room
47
indexes and reflectances (Bean and Bell, 1976) had been produced, an alternative 
means of determining utilisation factor for all room surfaces was available. This 
could be used in the lumen method to determine average illuminance for 
unobstructed interiors.
2.40 DiLaura: Inter-reflection Calculations
Following the earlier work into ESI, which considered the direct contribution of 
the luminaire and that of the room surfaces, it appears to be a logical progression 
for DiLaura to examine inter-reflection (DiLaura, 1979). The approach, as with 
the earlier work (DiLaura, 1975 and 1976) is directed towards achieving an 
acceptable accuracy for the minimum amount of computing time and 
operational procedures. The earlier work by others (Coomber and Jay, 1967; 
O'Brien, 1967; Jones and Jones, 1964; IES (U.S.A.), 1964; Sparrow, et. al., 1962) 
tended to consider inter-reflection in terms of finite elements. The need for a 
balance between calculation complexity and relative accuracy was recognised.
The approach by DiLaura was, however, different to that proposed by Lynes 
(Lynes, 1975a and 1975b). The total illuminance at a point was found by the 
addition of the direct and inter-reflected component the light flux in the space. 
The calculation to determine the inter-reflected component was carried out in 
two stages. Firstly the determination of the luminance of surfaces in the space 
due to light falling directly on them, secondly the determination of the 
luminance of the surfaces due to the inter-reflection of light from these 
luminous surfaces. The final luminance distribution of the surfaces can be 
determined by the addition of both luminance values. This can then be used to 
determine the illuminance at a point in the space. The method developed by 
DiLaura (DiLaura, 1979) assumes that luminous flux has a uniform spectral 
composition, absorption and scattering of light only occurs at room surfaces and 
that this is Lambertian. This last assumption allows luminous emittance to be 
considered rather than luminance. DiLaura shows that:
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p(a) 0 da
M(a) = M0(a) +  J  M(x) cos (0(ax)) cos (0(xa))   (73)
k  r2 (xa)
where ax are generalised co-ordinates indicating a position on the surface 
of the space.
The M (a) term has rapid changes with respect to position, this is due to M 0(a).
Since the integrated quantity changes smoothly the contribution to the final
emittance at position a from the room surfaces, is a smooth function of a. The 
M 0(a) term is a property of the intensity distribution of the surrounding 
luminaires and is the first and direct contribution to surface emittance. The 
remaining integral accounts for all subsequent inter-reflections. Equation (73) 
can be given as:
M  (a) = M  0(a )+  M*(a) (74)
where M *(a) is the integral of equation (73).
The relative smoothness of the M*(a) function allows an approximate result to 
be obtained with fewer finite element zones. DiLaura uses the zonal cavity 
method to determine M*(a) and Ep, where:
Ep = E"p + E*p (75)
This approach offers computational efficiency particularly when Stot made up 
from rectangles. The integration uses the perpendicular plane co-ordinate system 
(DiLaura, 1975, DiLaura, 1976). The luminous intensity values of the luminaires 
have been approximated by a Fourier -Hermite trigonometric polynomial of 
cosines. This offers the advantages of relative accuracy and computational 
efficiency. The whole approach is not concerned with the relative amounts of the 
two parts of the inter-reflected component of illuminance, but their effect.
The work of DiLaura and others was directed at the use of computers to solve
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lighting design problems. There continued to be a need for a simplistic approach 
to lighting design based on the Lumen Method. Zanker (Zanker, 1980) suggested 
that the geometrical shape of the room played the most important role in the 
determination of the utilisation factor of the luminaires. Zanker assigned 10 
classifications of room index from A, the best for useful utilisation of light, to J 
the worst. The Room Ratio was determined from:
W L
Rr = ------------------------------------------------ (76)
H(W +L)
When the room index classifications are applied to a luminaire then the range of 
utilisation factor w ill depend on the reflectance of the room surfaces. The 
coefficients of utilisation are calculated in a standard way (CIBS, 1980) and these 
are related to the Room Index as shown on Figure 2.11.
F i g u r e  2 . 1 1  T h e  c o e f f i c i e n t  o f  u t i l i s a t i o n  f o r  t h e  r a n g e  o f  R o o m  I n d e x
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Zanker has produced a nomograph to determine Room Index which can then be 
used with Figure 2.11 to approximate Coefficient of Utilisation.
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2.41 The CIBSE Calculation of Utilisation Factor
In 1980 Technical memorandum No.5 The Calculation and Use of Utilisation 
Factors (CIBS, 1980) offered a definitive view. The SHR is selected to provide a 
UR of 0.8 in the centre of a square array of luminaires when all inter-reflectance 
is ignored. This was considered to have a negligible effect. Where localised 
variations in illuminance occur which give an MPR greater than 1:1.2, as 
described by Figure 2.2, p6 of (CIBS, 1980), then the standard tables cannot be used 
and a full calculation procedure must be followed. The intensity distribution of 
batwing luminaires may mean that a closely spaced and a more open spacing w ill 
both provide a satisfactory UR.
DF[S] factors, as described by Bean (Bean and Bell, 1976) are used to determine 
the direct flux on the walls, floor cavity mouth and ceiling cavity mouth. These 
are found by the use of ZM's. In order to provide a straightforward procedure for 
the luminaire manufacturer and straightforward information for the lighting 
designer several simplifying assumptions were made in the calculation method. 
These are:
1. Luminaires are point sources
2. Intensity distributions are symmetrical about the vertical axis
3. Rooms are square, although accuracy was considered acceptable for rooms 
having a ratio of length to width < 4.
4. The array of luminaires is in the ceiling plane
5. Room surfaces are of uniform reflectance
6. Room surfaces are uniformly diffuse
7. Luminaires are positioned in square arrays
8. Luminaires are half spaced around the perimeter of the array.
These assumptions affect the accuracy of the prediction of illuminance in 
interiors since they are concerned with providing a utilisation factor which 
complies with the requirements of the lumen method of design rather than 
accommodating the requirements of real interiors.
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2.42 Computational Simplicity: DiLaura
The problem of determining the final luminances of room surfaces due to inter­
reflected light, as approximated by DiLaura (DiLaura, 1979) is formidably difficult. 
The need to simplify the calculations demands that the interior surfaces are 
assumed to have Lambertian reflectance and that they can "see” every other 
element of the enclosing surface.
Although an integral equation can be derived for the luminance emittance of a 
location on a surface (DiLaura, 1979), this is normally only solved for special 
conditions and a finite element technique is normally employed. When 
obstructions are added to a room or space then an additional function, the view  
function, is included. The view function w ill be equal to "1" if one location can 
"see" another, and "0" otherwise. DiLaura (DiLaura, 1981) names the room 
surfaces "enclosure surfaces" and the surfaces of objects or obstructions in the 
room or space "exchange surfaces". The normal finite element approach, 
involving a large number of calculations to arrive at a solution, was considered 
by DiLaura to be impractical. Fourier analysis was more efficient. DiLaura applied 
this to a simple interior with regular obstructions. The obstructions or objects can 
be resolved into rectangular planes that are either parallel or perpendicular to all 
other planes. Areas of different reflectance on these surfaces can be allowed for by 
treating them as rectangles. In DiLaura's paper (DiLaura, 1981), there is extensive 
mathematical explanation of his approach which results in the derivation of a 
system of linear equations which provide for substantial computational 
efficiency. The view functions are derived through a co-ordinate system 
although the basis is the "shadow function" which is the compliment of the 
"view function". A general expression for the coefficients of the "shadow 
function" between surfaces "i" and "j" is given. This can accommodate exchange 
surfaces which are perpendicular or parallel to the enclosure surfaces. Having 
determined the view function this can then be used to determine the luminous 
emittance. Since there is no Fourier Series form for the flux transfer between 
perpendicular surfaces, which must be represented by a series of parallel surfaces,
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the method has limitations.
The identification by DiLaura of a closed integral to determine the amount of 
flux from a luminaire which is reflected once from a room surface onto a point 
of interest offered substantial computational economy (DiLaura, 1982). The 
approach used the perpendicular plane angular co-ordinate system (DiLaura, 
1975 and 1976) and a substantial amount of mathematics. To the resulting 
expression can be added the other sub-component of inter-reflected flux, that 
which result from all subsequent inter-reflections. Where:
E* = IQ  + IQ  (77)
The zonal cavity method can be applied to the determination of IC2 as:
IQ  = [(Mw - MoJCwp] + [(Me - M J C J  (78)
This uses the three zone system, DiLaura suggests that a more straightforward 
approach to aid computation is to use a six zone model as:
6
IQ  = X (Mi - MJQp (79)
i= l
The closed integral (DiLaura, 1982) was used to predict illuminance of a test 
installation. The comparison between the closed integral, a finite element 
method and the measured values showed that the closed integral gave superior 
results. Calculation time was l/10th  that of the smallest finite element zone 
method. In 1983 Modest (Modest, 1983) developed a finite element design tool 
for architects to determine daylight factor. This adopted a similar approach to 
that proposed by Plant and Archer (Plant and Archer, 1973) but used directional 
cosines rather than cartesian co-ordinates, and used separate systems of 
calculation for the external effect of the sky hemisphere and the internal effect of 
room surfaces. Simplifications were included to speed up computing time, these 
included use of the Monte Carlo method to determine radiation exchange 
factors, approximations of the flux transfer equations and the need for the user to 
input an identifier for each obstruction. This last point can be a very serious
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source of error.
2.43 Computational Simplicity: Jensen and Lewin
The continuing need for efficiency in computational time and an accurate 
method of determining surface illuminance in spaces which were obstructed led 
Jensen and Lewin (Jensen and Lewin, 1982) to offer an alternative approach to 
that adopted by DiLaura. There are difficulties in the determination of flux 
transfer effects between inter-reflecting surfaces which are perpendicular to each 
other when using Fourier analysis. Jensen and Lewin therefore used finite zone 
analysis to derive equations which cover perpendicular and parallel cases with 
intervening obstructions. There are two major problems with finite element 
analysis of light flux in obstructed interiors. Firstly the number of discretised 
elements. The exchange of flux between large numbers of small elements 
becomes a function of the directionality of the zone reflectance. Whereas small 
numbers of large elements w ill average any sharp differences of surface 
luminance. It has been shown that rapidly changing luminance can be attributed 
to the first reflection of light flux in an enclosure (DiLaura, 1981). The selection of 
a suitable optimum number of zones for this first interaction w ill provide the 
required accuracy. Subsequent inter-reflections can then be considered by a 
smaller number of zones which simplifies the finite element procedure. Jensen 
and Lewin suggest that a maximum zone dimension of 1 /5  of the maximum 
room dimension provides adequate results. Obstructions are considered as two 
zones which occupy the same location but have opposite directions. View 
functions are developed which are give:
V(ox) s 0 No obstruction between zones a and x.
V(gt) = 1 Complete obstruction between zones a  and x.
The computational time is therefore concerned with the partially obstructed case. 
Where the room surfaces are divided into 10 intervals this is claimed to give
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excellent correlation to the compliment of the view function. Whilst the authors 
recognise that accuracy is dependant on the number of zones chosen 
computational efficiency is enhanced.
2.44 Obstructions: Point-by-Point Calculations
An alternative approach to the determination of illuminance in obstructed 
spaces was developed by Brackett and others (Brackett, et. al., 1983). The 
obstructions were termed furniture and consisted of 6 planar faces, termed 
panels, all meeting at right angles. The computer predicted results can be 
compared to laboratory measurements (Briggs, 1984) although no comparison is 
reported. A major feature of the method is the use of the Unit Distance 
Illuminance Plane (UDIP's). The strategically located set of points is normally as 
those shown on Figure 2.12.
The array points as shown on Figure 2.12 are spaced at approximately 10° 
intervals which allow complete photometric data (CIBS, 1980) to be used. The 
luminaire is divided into sections of equal size so that the maximum dimension 
of any section does not exceed 1 / 6th of the distance from the luminaire centre to 
the target point. This is assumed to be a point source. Having identified the 
illuminance at each of the points, then illuminance at any point can be 
determined through interpolation. Positioning of the points on the UDIP can be 
varied to suit the intensity distribution of the luminaire.
Discrete ray tracing (Plant and Archer, 1973) is used to account for the obstruction 
of room surfaces or working planes by furniture. The process is simplified by 
producing 6 lists, one for each of the directions which the panels may face. A  
further 4 lists are produced and these identify general areas in the space which 
may be occupied by panels.
The direct illuminance must be determined for a range of points on room 
surfaces and panels since they are used to average illuminance so that flux 
transfer can be determined.
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Figure 2.12 Tabulated calculation points for the Unit-Distance Illuminance Plane 
(UDIP). Luminaire is mounted unit distance above the (0,0) point. Only 1/4 of 
the UDIP is shown; the pattern is repeated in each of the other three quadrants, 
giving a 21 x 21 table
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The direct illuminance must be determined for a range of points on room 
surfaces and panels since they are used to average illuminance so that flux 
transfer can be determined.
The inter-reflection of flux within the space to produce final exitance of the 
surfaces is determined through the use of form factors. The method assumes that 
the task plane is the upper surface of a floor cavity, the effective reflectance of 
which is determined as described by O'Brien (O'Brien, 1966). Where a panel 
obstructs the view of part of one surface from another then the form factors are 
adjusted downward to a value of 1. The reflectance from the ceiling is considered 
in the manner described by DiLaura (DiLaura, 1979). A bright spot above the 
luminaire is used to compute the first reflection of light from the luminaire to 
the task plane. When the final exitances of the room surfaces and panels are 
known then the illuminance at a target point can be determined. In order to 
simplify the computation the target point is assumed to be illuminated by 48
56
sections of a surrounding hemisphere as shown on Figure 2.13. 
Figure 2.13 Target point illuminated by a section of hemisphere
■ 2
'  /  /  
' /  /
From the target point a vector is projected through the centre of each spherical 
section. This w ill either hit a panel or a surface and the section is assigned the 
luminance of the intercepting surface.
2 . 4 5  E m p i r i c a l  T e c h n i q u e s
Briggs (Briggs, 1984) carried out a series of measurements in an open plan office 
divided by low level partitions to form office cells. The measurements were 
carried out at various heights and the reflectance of the partitions was varied. 
Two luminaire types were considered and these were in a conventional 
downiighting mode. A transfer matrix was developed to explain the difference 
between illuminance at the top of the office cell with the illuminance at various 
points within it. This allows the designer to apply the lumen method to 
determine the illuminance at the top of a partition and the transfer matrix to 
determine the illuminance within the office cell. The results of this matrix 
application are unique to the configuration of the installation and although 
reasonable agreement was attained for luminaires positioned in the centre of 
office cells this did not apply to those sited over the low level partitions.
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2.46 Monte Carlo Method of Illuminance Prediction
This method can be applied to the prediction of illuminance of surfaces within a 
space and has been described by Tregenza (Tregenza, 1981). The path of a photon 
is calculated from the luminaire to a surface, the effect of reflection and/or 
absorption, the new path to a new surface and so on until total absorption has 
occurred. The direction of the photon is determined by the use of a scaled 
random number which is a function of the probability distribution of the 
available directions photons can be directed into. Scaled random numbers are 
also used to predict the absorption of photons by surfaces. This is a repetitive 
process with the count of the number of times a surface intercepts a photon being 
a measure of illuminance. This method is considered to have advantages in the 
calculation of difficult inter-reflection problems, although there is severe 
difficulty in determining the scaled random number for surfaces of non- 
lambertian reflectance and luminaires with sharply varying intensity 
distributions. Although this ability to consider specular reflecting surfaces is an 
advantage over finite element methods and is a more accurate representation of 
the reflectance characteristics of real interior surfaces. Stanger (Stanger, 1984) 
developed a computer programme for practical design using the Monte Carlo 
method although this was only applicable to empty rooms. The ability of the 
method to produce gradual differences of luminance on surfaces would appear to 
offer possibilities in the computer visualisation of luminance.
2.47 Objects in Rooms: An Alternative Method of Computation
Although there was a growing awareness of the need to consider the influence of 
obstructions in interiors (DiLaura, 1975, 1979 and 1981; Brackett, et. al; Jensen and 
Lewin, 1982), and a vague and general requirement in certain recommendations,
e.g., DIN 5035 (DIN, 1979), Egger (Egger, 1984) considered that all internationally 
acceptable methods of illuminance calculation were based on the empty room.
The Egger approach was to develope a computer programme which could take 
account of objects within rooms which may not be rectangular and may have
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different angles of inclination. The programme was to be capable of operating on 
small computers. To increase computer efficiency all room surfaces were 
considered to have uniform direct luminance. Any areas of sharply differing 
luminance or reflectance are considered as inserts to the major surfaces. The 
number of surfaces for which flux transfer must be computed is given by:
N s = N  + N ^ s-rs + 2Nob + N in s -o b  (80)
since each obstructing surface will be facing in two directions. The determination 
of direct illuminance is based on dividing the luminaire into small sources and 
identifying when an obstructing surface interrupts this flow, this is similar to 
that approach adopted by Brackett (Brackett, et. al., 1983). Flux transfer was 
determined by a sub-programme which could accommodate surfaces in any 
orientation and angle of inclination (Egger, 1984). This is a unique feature of this 
programme which is further enhanced by the calculation of form factors which 
take into account the possibility of shading. This is particularly important when 
considering obstructions above the working plane, e.g., a partition. A  minor 
reduction in mean illuminance caused by a partition may cause sharp localised 
reductions in illuminance. This also emphasises the inadequacy of measuring 
the quality of a lighting installation solely by the use of mean illuminance.
The method of determining if a surface obstructs the flow of flux from luminaire 
to working plane was carried out in a similar manner to that used by Plant and 
Archer (Plant and Archer, 1973). Changes in partition reflectance were also 
investigated and is was found that average illuminance varies unevenly. The 
results are shown in Table 2, p311 of (Egger, 1984).
A failure to recognise the influence of obstructions w ill seriously diminish the 
accuracy of any prediction method. This is particularly true in interiors with 
considerable inter-reflection which produce a significant indirect component of 
illuminance.
The shape of the space which was investigated by Egger was rectangular. This is a 
pre-condition for any lumen method calculation, within a 4:1 side length ratio
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limit, and has also influenced the co-ordinate system adopted by DiLaura 
(DiLaura, 1981). The need to consider the light flow within irregular shaped 
spaces (Stockmar, 1986) can be seen as a logical development of lighting design to 
consider increasingly non-standard interiors. Unfortunately the theoretical base 
for lighting design in regular rectangular spaces contains inaccuracies and it 
would appear logical to minimise these so that the solutions to the more 
complex problems of non-standard spaces are themselves accurate.
2 . 4 8  O b s t r u c t i o n s  i n  I n t e r i o r s :  A  R e v i e w
The considerable amount of work concerning the treatment of obstructions in 
interiors, which was recognised by Potter and Russell in 1954 (Potter and Russell, 
1954) was summarised and reviewed my McEwan and Carter in 1985 (McEwan 
and Carter, 1985). The need to quantify the effects of shadow were first 
considered by Norden (Norden, Norden, 1950). Although the use of his 
definition of 'revealing' shadow can be quantified by vector/scalar ratio, that of 
'distracting' shadow was defined by the shadow factor. This is given as:
Es Eu - Er
(81)
Eu Eu
Norden suggested some experimentally derived values as limits for revealing 
and distracting shadow factor. These could be applied to the layout of luminaires 
as determined by the lumen method. The need for tabulated upper and lower 
limits for shadow factors for a range of interiors and values of standard 
shadowed illuminance for a range of luminaires at differing SHRjever met. This 
approach was therefore never generally adopted. Although it was not concerned 
with visual obstructions above the working plane another limitation of the 
method was its poor integration with the existing design method.
The general point is made by McEwan and Carter that at that time, 1985, there is 
no method of dealing with obstructions above the working plane as part of the
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lumen method of design, although Spencer (Spencer, 1957) replaced the room 
with a fictitious empty room having fictitious reflectances of surfaces which 
formed the mouth of floor or ceiling cavities, as Jones (Jones and Jones, 1964) and 
Spencer (Spencer, 1957). These equivalent reflectances were combined with the 
actual reflectances of the true room surfaces and used in the lumen method after 
a correction factor had been applied to the utilisation factor to account for the 
modified surface reflections. The approach recommended by the CIBSE in the 
Code for Interior Lighting (CIBSE, 1984) is to recommend a UR of 0.8. The 
method of calculating utilisation factor as described in the CIBSE technical 
Memorandum No.5 (CIBS, 1980) is based on a SHR close to the maximum value 
which w ill provide a UR of 0.8. McEwan and Carter call for additional research 
work into the treatment of obstructions in lighting design. This is concerned 
with three areas:
1. The gathering of photometric data in obstructed spaces. This w ill be
reported in Chapters 5 ,6 ,7  and 9.
2 Extending the calculation method for SHR to include obstructions.
3. Developing a practical computer programme to analyse obstructed spaces.
2 . 4 9  A  T r e a t m e n t  o f  O b s t r u c t i o n s  u s i n g  S H R  C a l c u l a t i o n
The call by McEwan and Carter (McEwan and Carter, 1985) to consider the 
extension of the method of SHR calculation to include obstructions was 
answered by the same authors (Carter and McEwan, 1986). The method for the 
calculation of SHR is described in TM5 (CIBS, 1980). This is based on the criterion 
of uniformity although the calculation method under estimates this by only 
considering the direct component of illuminance. This is determined by the use 
of aspect factors. The SHRMAX and SHRNOM are determined by the use of TM5. 
When the spacings of luminaires are reduced they are less likely to cause shadow 
problems and therefore give high uniformity ratios. Carter and McEwan (Carter 
and McEwan, 1986) developed a technique for calculating a modified SHR to 
allow for a standard obstruction loss. The standard obstructions considered were :
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1. A desk,
2. A person seated at the desk,
3. A filing cabinet positioned at the end(s) of the desk or,
4. A partition positioned at the end(s) of the desk.
The computer programme which was developed used aspect factors to determine 
the direct illuminance from linear luminaires, which were assumed to have no 
width. Checks were carried out to determine how much of four different 
luminaires could be seen from the target point. Illuminance is determined for 36 
points over the task area using the luminaire intensity data as detailed in BS 
5225: Part 1:1975 (BS, 1975). The results show that the partition shows a greater 
reduction in SHR than the smaller filing cabinet but that the human obstruction 
causes the greatest reduction. Summary results are shown in Table 2.1.
T a b l e  2 . 1  S H R  V a l u e s  f o r  e a c h  l u m i n a i r e  a n d  t h e  e f f e c t  o n  t h e m  o f  t h e  v a r i o u s  
o b s t r u c t i o n s .
O B S T R U C T I O N
L u m i n a i r e  -------------------------------------------------------------------------------------------------------------------
a n d  H u m a n  H u m a n
O b s t r u c t i o n  U n o b s t r u c t e d  ( P e r p e n d i c u l a r )  ( P a r a l l e l )
S H R  S H R  S H R  S H R  S H R  S H R
N O M  M A X  N O M  M A X  N O M  M A X
TM5 Linear 2.00 2.08 1.25 1.48 1.00 1.06
with
partition
TM5 Linear 2.00 2.08 1.50 1.59 1.50 1.74
with filing
cabinet
Batwing linear 1.75 1.91 1.50 1.51 1.25 1.41
with partition
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The methods to date were concerned with the illuminance and luminance 
calculations for a specific arrangement. The approach proposed by McEwan and 
Carter is to provide guidance for the lighting designer when the nature of the 
space is unknown. The authors recognise the need for additional evidence from 
different interiors before any firm conclusions and rules for the adoption of a 
particular SHR for a particular interior can be made. Indeed in certain obstructed 
interiors reductions in SHR are not required to maintain uniformity.
2 . 5 0  O b s t r u c t e d  S p a c e s :  C o m p u t e r  A n a l y s i s
The work of Carter and McEwan into the effects of obstructions within artificially 
lit interiors (McEwan and Carter, 1985,1986, Carter and McEwan, 1986) was 
continued by the development of an analysis programme (Carter and McEwan, 
1988a). This allows the designer to input the details of the interior and using the 
authors method of modifying the SHR (Carter and McEwan, 1986) an initial 
luminaire layout is produced. The illuminance produced by this initial array can 
then be critically appraised and the luminaire layout modified to overcome any 
localised illuminance deficiency. The programme will then compute the new 
illuminance and in this way the design undergoes refinement until an acceptable 
layout is found.
The surfaces of the room and the obstructions are defined by the use of Vector 
cosines (Capildeo, 1968, Bridgeman, et. al., 1984). Taking the lowest corner of the 
room as the origin all of the surfaces may be defined by the direction cosines of 
their normals and by the perpendicular distance (Pd) from the origin to the 
surface. The vector cosines allow each line of sight of flux transfer to be checked 
for the presence of an obstruction. The obstructions are assumed to be six sided 
solid objects.
Direct illuminance is determined by the UDIP technique (Brackett, et. al., 1983) 
for all surfaces within the room. The size of luminaire section chosen is related 
to the ratio of the distance between luminaire and target point and the length of 
the luminaire. A finite element method is used for the indirect component of 
illuminance on a surface and the designer can vary the element size. The
63
problem of elements seeing or not seeing other elements is considered by the use 
of the view factor. Lines of sight are considered between centre of elements. The 
problem of sharp differences in exitance due to shadowing is overcome by the 
recalculating of illuminance for all elements which adjoin other elements. The 
computationally efficient unit hemisphere method is used to determine the 
indirect component of illuminance on the working plane. In this application the 
hemisphere has been divided into 48 separate sections of uniform luminance. 
The accuracy of prediction of the computer programme was considered in 
relation to real obstructed interiors. The results show that the programme is 
capable of modelling the illuminance to within the 10% limit of accuracy given 
by the CIBSE field survey method (CIBSE, 1984). This method is a substantial 
move forward in practical consideration of obstructions within interiors. It  does 
contain a range of inaccuracies which when set against the survey results do not 
appear large. Since the inaccuracies associated with the inter-reflected component 
calculations are means of producing efficient computation times, increasing the 
power and speed of operation of the hardware w ill permit increased accuracy.
2.51 Non-Uniform Luminaire Arrays
Although many interiors demand uniformity where tasks are visually critical 
the provision of relatively high illuminance over all of the working plane may 
not be an energy efficient choice. There is also evidence to suggest that occupants 
can be satisfied with a degree of non-uniformity (Alexander, et. al., 1982). The 
developments in luminaire controls permit their flux output to be varied so that 
regular arrays of luminaires can provide non-uniform lighting. These points 
were addressed by Slater (Slater, 1989) who carried out an evaluation of the 
predictions from a suite of computer programmes by a comparison with a real 
interior.
The inter-reflected light within the interior was determined by the use of three 
calculation methods, as:
a) Using average surface luminance
b) Using a coarse grid of 9x9 horizontally and 7 vertically
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c) Using a fine grid of 24x20 horizontally and 7 vertically
Since the illuminance was calculated at each point, the greater the number of 
points the greater the accuracy of the method. The upward light from the 
luminaire was considered to be critical only for high ULOR's and the 
consideration of uplighters was a specific part of the work.
The intensity distribution of the luminaires was as that produced by BS 5225 (BS, 
1975). Using the described procedure (Slater, 1989) a comprehensive range of 
computer predictions and real life measurements were carried out in the 
experimental facility at the Building Research Establishment (BRE). Results 
showed that in some cases there was a consistent under or over prediction of 
illuminance. Since the illuminance distribution was likely to remain the same 
for an ageing installation, although absolute illuminance would alter, a 
normalisation factor (Nf) was applied as:
E m av
(N f) =   (82)
E■*-pav
where for the range of measurements carried out N f was within the range 0.854 
and 1.392. There were a substantial number of points where the predicted and
measured illuminance differed by around ±10% for ceiling mounted luminaires. 
This is considered acceptable for most lighting designs, although this is true for 
the particular software tested. The need for a careful choice with regard to time 
dependant factors is emphasised since maintenance factors, age and light output 
of the lamps, etc. w ill all effect illuminance. Slater calls for a form of quality 
assurance from software producers, perhaps based on the measure of agreement 
with some example measurements, so that a general comparison can be made.
2.52 Summary
From the early empirical work of Harrison in 1916, to the development of 
computer programmes based on complex inter-reflection equations by DiLaura
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in 1981, the prediction of working plane illuminance has become increasingly 
engineered. There has been a steady advancement in the level of sophistication 
of the prediction methods as the need to consider more and more of the real 
features which are found in rooms is recognised. The consideration of different 
surface colours in the Harrison model was a major step forward in the prediction 
method, as significant as the need for the consideration of obstructions by Jones 
and O’Brien and later by DiLaura and Carter.
This study is concerned with the illuminance provided in classrooms as well as 
that which is predicted to occur in the classrooms. The increase in computing 
power and speed is such that visualisation is now beginning to be useful to 
lighting designers. When this study began in 1987 there were few computer 
programmes available to designers which would determine the influence of 
obstructions on working plane illuminance. Since all of the classrooms were 
obstructed by furniture which did not project above the working plane, these 
could be treated as floor cavities, and the direct and indirect component of 
illuminance calculated in accordance with good practice. (IES (London), 1967; 
CIBS, 1980; CIBSE, 1984).
There were several computer programmes available to predict WP illuminance 
and the AM AZON computer programme was chosen for this study. This choice 
was made on the assumption that many lighting designers use, and consider 
sufficiently accurate, the "Lumen Design Method". Alternatively a few designers 
are using sophisticated computer programmes, which may have extended 
calculation times, for specialised projects. There appears to be a need for the 
intermediate "AMAZON" approach which offers advantages over the lumen 
method, generally by the calculation of the two components of illuminance, 
without the time and perhaps cost implications of the more sophisticated 
programmes.
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3. THE NEED FOR THE MEASUREMENT OF CLASSROOM ILLUM INANCE
3.1 Introduction
The content of Chapter 2 gives a detailed review of the development of 
illuminance and luminance prediction methods for rooms and interior spaces 
within buildings between 1916 and 1985. By 1985 the prediction methods 
described by Brackett (Brackett, et. al., 1983), Egger (Egger, 1984), DiLaura (DiLaura, 
1981) and Jensen and Lewin (Jensen and Lewin, 1982) were capable of computing 
the effects of obstructions within the space. The gathering of quantitative 
photometric data from obstructed spaces, as McEwan (McEwan and Carter, 1985), 
would allow direct comparisons to be made between the predicted and actual 
results. This research need was endorsed by the CIBSE Panel for Initiating 
Research into Lighting (Piril) (CIBSE, 1986) who identified the following areas for 
further work:
(i) To carry out a photometric survey of large interior spaces, which contain 
obstructions, in order to record the achieved visual conditions resulting 
from standard design practice.
(ii) To compare the realised conditions with design expectations
(iii) The findings of (ii) may indicate the need for modified design practice.
Point (iii) had previously been made by Egger (Egger, 1984), following laboratory 
measurements in a small office containing furniture. This work concluded that 
the effects of obstructions, particularly that of a 1.7 m high partition whose 
reflectance was varied between 0% and 90%, was most marked in interiors where 
the indirect component of illuminance was high. The CIBSE Piril did identify 
this as a particular feature since the interiors to be considered were offices, 
factories and shops. In addition this would also carry forward the experimental 
measurement work into the practical domain, allowing comparisons to be made
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with those measured under laboratory conditions by Egger and Briggs (Briggs, 
1984). It would also begin to address the need identified by Slater (Slater, 1989) for 
some standard measurement data which could be used to compare the accuracy 
of lighting design computer programmes.
Classrooms are interiors with particular lighting needs. There is a need for the 
pupils to see the teacher and any displayed or projected material. There is also a 
need for the pupils to be able to carry out tasks involving reading and writing. In 
a primary or middle school the range of tasks is extended and these interiors are 
much more than offices (Cockram and Gooding, 1975). Within a school there are 
a variety of different rooms which are used for teaching, e.g., lecture theatres, 
language and other laboratories, domestic science areas (food and textiles), and 
each has specific lighting requirements. Recommendations are given by the 
Department of Education and Science (DES) (DES, 1967) and the IES (IES 
(London), 1973b) and recently by CIBSE (CIBSE, 1991). They follow the improved 
standards in lighting made under Section 10 of the Education Act 1944, since 
poor lighting leads to poor school work, slower reading and a larger number of 
breakages and accidents. In general classrooms are interiors without any 
obstructions above the working plane and should therefore be interiors for 
which the prediction of illuminance and luminance distribution patters should 
be straightforward.
3 . 2  T h e  L i g h t i n g  S u r v e y
The lighting of schools (DES, 1967) places considerable emphasis on the 
daylighting provision, since the buildings are occupied during the daytime and 
colour rendering is important. The developments in artificial lighting 
technology have driven down operating costs and the energy crisis of the mid- 
1970's further focussed attention of the size and disposition of the large windows 
which were a feature of school buildings before this time.
The use of school buildings outside normal school hours (Wood-Robinson, 1966) 
for learning activities has reinforced the need to provide adequate artificial
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lighting. This has three main purposes (DES, 1967):
1) to provide additional lighting during the day for visual tasks of 
particular difficulty.
2) to supplement daylight for general area lighting
3) to provide illuminance during hours of darkness.
This work is concerned with purpose (3), and in particular the working plane 
illuminance. The provisions as (1) and (2) have presented particular difficulties 
when measuring illuminance (Folsom and Bieselre, 1948). Although at that time 
the measurement equipment available in the U.K. was considered to lead the 
field.
In order to achieve the twin objectives of:
i) Identifying the actual lighting conditions within classrooms for 
comparison with Code and Regulation recommendations, and
ii) Comparing the actual lighting conditions with those predicted using 
an industry standard computer programme
the range of measurements should be as comprehensive as possible. The general 
guidance given in the document "How to Make a Lighting Survey" produced by 
the Joint Lighting Survey Committee, which comprised members of the 
Illuminating Engineering Society (U.S.A.) and the U.S. Department of Health, 
Education and Welfare (IES (U.S.A.), 1963) was useful. This identifies several 
areas of possible error during measurements. One of several recommendations 
states that when taking spot illuminance measurements the position of the 
occupant should be taken by members of the survey team, regardless of the 
shading to the photocell. As described earlier (Carter and McEwan, 1986; Briggs, 
1984; CIBSE, 1984) the conventional first stage approach for lighting design is to 
consider unobstructed and unoccupied rooms and spaces. Following this the 
designer then makes any adjustments based on experience. In this way there is 
always likely to be a difference between lighting conditions predicted by design 
and those existing in practice. The surveys carried out as part of this work did not
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involve placing occupants in rooms. This would add on another variable to the 
factors which influence differences between actual and predicted values, moving 
the conditions further away from the conventional design, and would fail to 
recognise that in many instances classroom occupancy is variable. Separate 
studies of the influence of the occupant and floor cavity effective reflectance on 
working plane illuminance are progressing (Cook and H ill, 1993; H ill and Cook, 
1994).
3 . 3  P r i m a r y  C o n c e r n s
The survey was concerned with the measurement of horizontal working plane 
illuminance. This is the factor which is commonly used as a measure of lighting 
quality by designers (Bennet, et. al., 1977). It is recognised that this approach is 
simplistic since it fails to recognise the numerous other factors associated with 
quality in lighting (Bean and Bell, 1992). The illuminance was normally 
measured at a desk top height, since most of the rooms were furnished with 
movable open sided desks. In addition the luminance of all the major room 
surfaces and the diffuser or lamp, if visible, of luminaires was measured. This 
would provide additional information for the consideration of Glare (IES 
(London), 1962; Lynes, 1977; Boyce, et. al., 1980; CIBSE 1985), and the inter­
reflected component of the measured illuminance. The measurement of 
reflectance of the room surfaces was determined by a comparison of luminance, 
as:
Lo
p = — xlOO (83)
U
This method recognises the role of the colour co-ordinates (Xc, yc and zc) and 
colour-matching functions (x$,), y{AJ, z{X}) of the CIE standard colorimetric 
system (CIE, 1971). In the CIE system the y{AJ curve is identical with the V{X\ 
curve for photopic vision and this permits the reference colour stimuli [Y] to be 
the exclusive measure of luminance (Chamberlin and Chamberlin, 1980).
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Having determined p it was then possible to determine the illuminance of the 
surface from:
L0. n
E = -------  (84)
P
This can be used to determine the ratio of task illuminance to surface 
illuminance. The relative inaccuracy (Clarke, et. al., 1983) of this method, 
through the use of a barium sulphate white surface, was considered to be 
acceptable since the results were concerned with providing information for 
lighting designers.
The survey was not directly concerned with users' reactions. There is evidence 
that teachers in certain primary schools are critical of the lighting provision with 
over 77% of received comments from a survey being negative (Cooper, 1978). In 
the survey which is reported here one classroom had an average illuminance on 
the working plane of 82 lux. In a subsequent interview with the lecturer and class 
there was general agreement that the illuminance provided was considered 
satisfactory.
Comprehensive details of the lamps and luminaires were also recorded so that 
accurate photometric data could be obtained from manufacturers. In several cases 
the luminaires were no longer in production and manufacturers provided 
archive photometric data.
3.4 Key Factors
It is recognised that the rooms to be surveyed should be as representative as 
possible of classrooms generally. However in order for the results of the survey 
to be an accurate record of the whole of the U.K. it would be necessary to select 
rooms from all types of educational institution and their number should be 
related to the total U.K. number of that type of institution. This would involve
71
carrying out lighting surveys in hundreds of rooms on a great number of sites 
which within the time scale of this research programme, would not be practical. 
It was therefore decided that is was not the objective of this research to produce 
accurate information about the lighting of all classrooms within the U.K. A 
limited amount of information has been obtained by Wood-Robinson (Wood- 
Robinson, 1966) following a questionnaire circulated by the British Lighting 
Council to all local education authorities in the U.K. Although over 70 
authorities completed the questionnaire the results are only sufficient to enable 
broad conclusions to be drawn. An additional commentary by Bartholomew 
raised other issues concerning lighting in schools (Bartholomew, 1975). However 
these survey results are now out-of-date.
In order to obtain a broad and representative sampie of classrooms the following 
key factors were applied to selecting the rooms for the lighting survey.
The rooms should:
a) Not be under the same ownership. This may have influenced the original 
design. This is particularly true for local authorities where the same designer 
may have been responsible for several schemes. The various local authority 
consortia formed during the 1960's, e.g., SCOLA (Wood-Robinson, 1966) also 
tended to produce similarity in lighting design.
b) Have different maintenance regimes. This may be an intrinsic aspect of (a) 
although with the introduction of the local management of schools any 
differences may become more marked. It was to be expected that even with 
similar maintenance regimes the dates of the survey would not coincide 
precisely with cleaning and re-lamping intervals as shown on Figure 3.1 (Cook, 
1992a). This should provide general information applicable to all of the rooms 
surveyed
c) Contain a selection of luminaires and lamps. Due to the developments in 
lighting technology, the need for energy efficiency and the amount of evening
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Figure 3.1Possible changes in light output due to the maintenance methodology
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use, it was expected that the majority of the classrooms would be lit with 
fluorescent lamps. The critical influence of capital and running costs was 
recognised by the DES is critical and a method of calculation proposed (DES,
1967). A ll of the 12 types of luminaire in the surveyed rooms contained these 
lamps. Each luminaire type was different.
d) Have different sizes on plan and different mounting and ceiling heights. 
All of the rooms were rectangular with uniform ceiling heights. A range of 
different room sizes were surveyed. With minor exceptions all of the rooms met 
the general criteria applied to the determination of Coefficient of Utilisation 
(CUwp) (CIBS, 1980).
e) Have a selection of classroom furniture. Although most of the rooms 
were furnished with movable open-sided desks and chairs, some of the 
classroom/laboratory rooms were furnished with fixed laboratory benches. These 
provided floor cavities similar to those described by Spencer (Spencer, 1957) and 
O'Brien (O'Brien, 1966). Specialised temporary furniture for use in examinations 
occupied one room (Cook, 1992b).
3 . 5  T h e  C h o s e n  R o o m s
The rooms which were chosen for the lighting survey were in five different 
educational institutions, as shown on Table 3.1. The choice was influenced by my 
place of residence which was in the same village as St.Benedict Biscop Primary 
School. My employer at the time of the lighting surveys was Wolverhampton 
Polytechnic who were in the process of absorbing Dudley Teachers Training 
College. Since I am a research student at the University of Surrey in Guildford 
this enabled me to have access to various rooms in various departments. I was 
also permitted to visit Guildford College of Technology to carry out lighting 
surveys in the science Block.
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Table 3.1 Location of surveyed sites
Location Authority Number of Rooms 
Surveyed
Wolverhampton Polytechnic 
(Main Site)
Wolverhampton
M.B.C.
10
Dudley Teachers Training 
College
Dudley M.B.C. 10
StBenedict Biscop 
Primary School
Staffordshire C.C. 4
University of Surrey University of Surrey 24
Surrey College of Technology Guildford B.C. 11
Total 59
Each of the buildings in the survey were owned and maintained by different 
education authorities. The absorption of Dudley Teachers Training College had 
not reached a stage where the maintenance regime was identical to that at the 
main site of Wolverhampton Polytechnic. Since both buildings were designed by 
different local authorities the artificial lighting provision was also different. The 
University of Surrey is a distinct and separate institution to the College of 
Technology. Due to these factors it is therefore very likely that the lighting design 
in all of the buildings surveyed was carried out by different designers. Certainly a 
considerable range of different artificial design solutions was exhibited in the 
classrooms.
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3.6 Room Details
Each room was chosen to comply with the general requirements of the lumen 
method (Harrison and Anderson, 1920a). It is not the objective of this study to 
consider non-standard spaces or lighting arrays.
The rooms were all of rectangular plan size with vertical walls. Although the 
standard method of determination of UF (CIBS, 1980) has been devised for square 
rooms, the method can be used for rectangular rooms of the same RI providing 
the ratio of length to width is < 4:1 (Hisano, 1946). A ll of the surveyed rooms 
complied with this requirement.
In each room all of the luminaires were of the same type and all had similar 
mounting heights. There were certain non-standard effects, e.g., lamps missing 
or not working, diffusers missing, lamps flickering, etc. Although these 
deficiencies were noted in the surveyed rooms reported here they have not been 
reported in certain other surveys (Cockram and Gooding, 1975, Carter, 1984).
The luminaires and their positions met the general requirements for the 
application of the CIBSE Code for Interior Lighting (CIBSE, 1984). There were 
vertical obstructions above the working plane in only two of the surveyed 
rooms. This was caused by structural concrete columns which were positioned 
within the room and masked part of the chalkboard from the students.
3.7 Room Information
The following information was obtained for each room:
a) Use of the Room. The uses of the surveyed rooms were as follows.
Classrooms 56
Laboratories 3
One of the laboratories had fixed furniture with closed sides. Four of the 
classrooms were furnished with fixed seating with all of the remaining
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classrooms furnished with moveable open sided furniture.
b) Plan size. This was measured in metres within the perimeter walls at the 
height of the working plane. All of the rooms were rectangular with 
vertical walls.
c) Height from floor to ceiling measured in metres. A ll the floors and 
ceilings were level.
d) Black/Chalkboard position. This was commonly the darkest major surface 
in the room and was recorded to identify any local variation in 
illuminance. Where the blackboard was attached to the wall its reflectance 
(pb) was included in the area weighting of all other wall reflectances (pw) to
determine the area weighted reflectance of the wall (pw tot) as:
Abpb + Awpw
pw tot = -----------------  (85)
Ab+ Aw
e) Notice Board Position. This was commonly the most colorful major 
surface in the room and was recorded to identify any local variation in 
illuminance. All of the notice boards were attached to the walls and their 
reflectance was included in the determination of the total wall reflectance 
(pwtot).
f) Height of the desks measured in metres. The desk heights did vary 
depending upon the location of the room, Within each room all desk 
heights were identical. In all rooms this was assumed to be the height of 
the working plane.
g) Reflection factors. The reflection factor of the all the major room surfaces, 
furnishings, notice boards and blackboards was determined. This
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involved many individual luminance measurements of surfaces and the 
application of formula (85). Details of the measurement technique is
given in Chapter 4. This enabled wall reflectance (pwtot), effective floor
cavity reflectance (pfc) and where applicable ceiling reflectance (pc)and
effective ceiling cavity reflectance (pe )^ to be determined.
h) Luminaires. The following specific information was recorded: 
Manufacturers name.
Diffuser type.
Fixing method.
Spacing in the length (L) and width (W) of the room.
Mounting height (m).
Total number of luminaires in the room.
Number of lamps per luminaire.
Lamp type and manufacturers name.
Lamp nominal size.
Lamp wattage.
Lamp flicker.
Audible hum from luminaire.
All of the information as itemised above from (a) to (h) was recorded on a 
standard RFS4.CAL form for each room and an example is shown in Table 3.2.
3 . 8  T h e  " A s  F o u n d "  S t a t e
It was important that the conditions within the room were as "real" as possible, 
since one of the objectives of the research was to compare the accuracy of 
predicted and actual conditions. The lighting installations were surveyed as they 
were found on the day/night of the survey.
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Table 3.2 Contents of a standard RFS4.CAL form
LIGHTING SURVEY STANDARD FORM
GENERAL
Date: Time:
Temperature Inside: Temperature Outside:
Institution Name:
Room No.: GKC Reference Number:
ROOM
Room Use: Plan Size:
Height: Room Index:
Chalkboard Position: Noticeboard Position:
Furniture Type: Furniture Height:
REFLECTION FACTORS
Wall "a": Wall "b":
Wall "x": Wall "y":
Ceiling: Floor
Chalkboard: Noticeboard:
LUMINAIRES
Type:
Mounting Height: 
Spacing "ax": 
Number in Room: 
Lamp Type: 
Diffuser Type: 
Fixing Method:
Nominal Size:
Spacing "by":
Lamps per Luminaire:
Rating:
Opal Prismatic Reeded Clear None 
Ceiling Suspended Module Other
MAINTENANCE
Flicker: Hum:
Insects/Dirt: Cleaning Interval:
Re-lamping Interval: Room Decoration Interval:
LUMINANCE
Luminance in Direction "a" Luminance in Direction "b"
Luminance in Direction "x" Luminance in Direction "y"
COMMENTS
There was no cleaning of lamps, luminaires or diffusers either before or after the 
photometric measurements were complete. No cleaning was carried out to the room 
decorations or to any furniture within the room. Since all of the interiors were
79
obstructed by furniture, it was important to consider the real light flow within the 
rooms. This approach is substantially different to the "REALITY" of the survey carried 
out by Briggs (Briggs, 1984) and the laboratory room conditions described by Egger 
(Egger, 1984 and 1988), where in both instances the installations were new. The much 
earlier lighting survey work of Folsom and Biesele (Folsom and Biesele, 1948) was 
carried out in real classrooms, although they had recently been remodeled.
The field measurements of the lighting in the 59 rooms was carried out in accordance 
with the general guidance given in Appendix A ll of the CIBSE Code for Interior 
Lighting (CIBSE, 1984). The number of measurement points recommended by the 
CIBSE to achieve an accuracy of <10% in the determination of average illuminance is 
given in Table A ll . l  of the CIBSE Code for Interior Lighting (CIBSE, 1984). This is 
shown in Table 3.3.
T a b l e  3 . 3  R e l a t i o n s h i p  b e t w e e n  R I  a n d  t h e  m i n i m u m  n u m b e r  o f  m e a s u r e m e n t  p o i n t s  
t o  a c h i e v e  a n  e r r o r  o f  < 1 0 %  i n  t h e  d e t e r m i n a t i o n  o f  a v e r a g e  i l l u m i n a n c e
Room Index Number of Points 
(CIBSE, 1984)
Number of Points 
(CIBSE, 1994)
<1 4 9
>1 and <2 9 16
>2 and <3 16 25
>3 25 36
Note: A ll of the room surveys were carried out before the publication of the 1994 Edition of the CIBSE Code 
for Interior Lighting. The increase in the number of measurement points to achieve a 10% inaccuracy quoted 
in the 1994 Code is based on an assessment of work following the publication of the 1984 Code. The results of 
some of this work is tabulated in Table 4.3.
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The advice contained in Table 3.3 has been questioned by Carter (Carter and Sexton, 
1988b and Carter, et al., 1989b) and this will be examined in detail in Chapter 4. The 
field measurements of illuminance reported in this study considerably exceeded the 
CIBSE recommendations.
Luminance measurements were also made in the positions defined for the prediction 
of glare specified in CIBSE TM10 (CIBSE, 1985).
The lighting survey was carried out during the hours of darkness. The majority of the 
measurements were completed during 1988 and 1989. The luminaires had normally 
been switched on for many hours prior to the survey. In those cases where the 
luminaires were switched on at the start of the survey period their light output was 
allowed to stabilise for a minimum period of one hour. In practice the stabilisation 
period suggested by Briggs of 1.5 hours (Briggs, 1984) was exceeded.The photovoltaic 
cells in the illuminance and luminance meters were allowed to stabilise in the ambient 
lighting conditions for a minimum period of 5 minutes prior to readings being taken. 
The line voltage to the luminaires was continuously monitored during each survey, so 
that the effect of any variations on lamp output could be taken into account.
An extensive range of measurements of surface reflectance was also carried out. Where 
there were substantial differences in colour or texture, e.g., notice boards and visual 
displays a series of measurements were taken over the surface.
Since the survey was carried out on 59 rooms it is to be expected that the relative 
cleanliness of room surfaces and luminaires w ill vary since the survey w ill interrupt 
the different maintenance regimes operated by the building user. This should not effect 
the accuracy of the prediction method used to determine horizontal illuminance on 
the working plane since the prediction process w ill use the actual values of reflectance, 
light loss factor, etc. obtained from the survey room.
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4. THE LIGHTING SURVEY
4 . 1  T h e  I l l u m i n a n c e  M e a s u r e m e n t  H a r d w a r e
All of the illuminance measurements were made with a Megatron Type DA4 
meter, supplied by Megatron Limited (Megatron, 1986; Cook, 1992). This can be 
set to one of four illuminance ranges. These are:
0 to 25 lux( read to an accuracy 0.25 lux)
0 to 100 lux( read to an accuracy 1.00 lux)
0 to 250 lux( read to an accuracy 2.50 lux)
0 to 1000 lux.( read to an accuracy 5.00 lux)
These ranges were sufficient to be able to measure the illuminance in all rooms. 
A needle moving coil meter display enabled illuminance to be determined with 
the accuracy shown above. Prior to measuring the illuminance values which 
would be used in the survey a series of spot illuminance measurements were 
carried out in the room in order to determine the maximum illuminance. This 
was required in order to determine the maximum illuminance and hence 
determine the maximum illuminance scale range to be set on the meter. Since 
the accuracy of reading the meter was inversely proportional to width of the scale 
range the smallest illuminance range was used for all illuminance readings.
This would normally involve several range scale changes when measuring 
illuminance in a room.
The photo-cell is placed in a cosine correcting mount in the light sensitive head. 
The cell is of the selenium photo-electric type and termed a "Megatron Type M". 
This has a spectral response curve which gives a close match to that of the CIE 
photopic observer. This is shown on Figure 4.1.
The meter zero setting was checked between each range change as was the 
condition of the battery since the meter could be switched to act as a lOv meter. 
The meter was returned to the manufacturer for re-calibration three times
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during the survey period. The manufacturers recommendation of annual re­
calibration was reduced to approximately 6 monthly intervals. The recorded 
errors were less than 5%.
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The meter zero setting was checked between each range change as was the 
condition of the battery since the meter could be switched to act as a lOv meter. 
The meter was returned to the manufacturer for re-calibration three times 
during the survey period. The manufacturers recommendation of annual re­
calibration was reduced to approximately 6 monthly intervals. The recorded 
errors were less than 5%.
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4.2 The Luminance Measurement Hardware
The luminance measurements at the University of Surrey and at Guildford 
College of Technology were carried out with a Hagner Type S2 instrument 
(Hagner, 1968). A ll of the remaining luminance measurements were made with 
the alternative, and earlier, Hagner SI hand held photometer.
The Hagner meters can be set to the following ranges:
Model S2
(cd/m2)
0 - 100,000 
0-33,000 
0 - 10,000 
0-3,300 
0 - 1,000 
0-330 
0-100 
0-33  
0-10  
0-3.3
0.025 to 0.05*
Where (*) indicates the lowest detectable luminance values.
These ranges were sufficient to measure the range of luminace values found in 
all the rooms. The selection of the luminance range was determined through the 
use of spot measurements to determine maximum luminance. Since the 
accuracy of the meter varied as for the Megatron meter, a similar approach to 
that described earlier was adopted.
The measurement of luminance takes place within a 1° circular angle in both
Model S I
(cd/m2)
0 - 100,000 
0 - 10,000 
0 - 1,000 
0-100 
0-10
0.05 to 0.1*
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meters. Light falls onto a silicon diode which is filtered to give close agreement 
with the spectral response curve standardized by the CIE (Chamberlin and 
Chamberlin, 1980). This is shown on Figure 4.2.
Figure 4.2 Spectral response curve of the Hagner selenium photo-cell and that of 
the CIE standard observer
100
CIE
o o o HAGNER
500 600 700 nm
The indicating instrument is of the moving coil type giving a 0 -10  or 0 - 3 linear 
scale. Readings were taken through the view finding optical system. Although 
calibration is a straightforward process, the meters was returned to the 
manufacturers twice during the measurement period. The recorded errors were 
less than 5%. Since the instrument is calibrated for Standard Illuminant A  (CIE, 
1971) the manufacturers provide correction factors for measurements carried out 
under different light sources. In this study all of the measurements were in 
interiors lit by fluorescent lamps and the correction factor was 1.0. Standard 
battery checks and zero adjustments were carried out during the measurement 
period. The claimed accuracy of the instrument by the manufacturers (Hagner,
1968) is ±5%
4.3 Errors in Lighting Surveys
The inherent causes of errors in lighting surveys described by the IES (U.S.A.)
(IES (U.S.A.), 1943) were minimised by regular re-calibration of the meters and 
the adoption of good practice when carrying out the light measurements. It is to
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be appreciated that the measurements were not carried out under laboratory 
conditions, since this degree of control over the lighting installations in real 
rooms is impractical. The illuminance measurements were not used to 
determine the luminous intensity of the luminaires since the optical distances 
were generally less than those determined by Little and Salter (Little and Salter, 
1947), and subsequently incorporated into BS 5225 (BS, 1975), as the minimum  
required to give good agreement with the inverse square law.
4.4 Survey Method
The rooms in Wolverhampton, Dudley and Staffordshire were surveyed by two 
persons, all the other rooms were surveyed by one person.
The surveys were carried out during the hours of darkness, and light from 
corridors and adjacent rooms was excluded. This was straightforward in the case 
of lay-lights and other glazed areas receiving artificial light from inside the 
building. In those rooms without curtains or blinds some light could enter from 
outside the building. The amount of stray light entering the room was measured 
at the same points as those to be used for the illuminance survey. Where this 
provided an illuminance of >5 lux this was deducted for the recorded 
illuminance. An illuminance of <5 lux was ignored. The line voltage to the 
luminaires was continuously monitored during each survey, so that the effect of 
any variations on lamp output could be taken into account. This was achieved 
by placing a voltmeter across the contacts a lamp. A further measurement was 
taken on at least one other lamp during the survey. All of the measurements 
were ±2% of 220 Volts ac.
4.5 Reflectance Measurements
The use of a barium sulphate white reflectance surface to determine the 
reflectance of surfaces within the room through the application of the reference 
colour stimuli [Y] may not be as accurate as alternatives which make use of 
galvanometers (Carter, 1984). However, it was considered to be a practical
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alternative since the luminance of all room surfaces was to be measured. The 
results of the colorimetric and spectrophotometric measurements of the 
coloured reflectant surfaces used for this study is shown on Tables C l and Figure 
C l in Appendix C, and Table 8.1. A range of measurements which were made in 
the Sports Hall at the University of Surrey were also repeated in the Laboratory.
Table 4.1 General description of 11 No. colour reference cards.
Sample Manufacturer Name Type BS5252 Refl.
No. (*) Ref. No. (**)
1 Crown Wild Orchid Matt None None
2 Dulux Buttermilk Matt 10C31 0.81
3 Dulux Apricot White Matt None None
4 Dulux Bamboo Silk 08C35 0.46
5 Dulux Sunflower Silk None None
6 Dulux Cameo Silk 06C33 0.62
7 Dulux Brilliant White Matt None None
8 Dulux Morning Sun Silk None None
9 Dulux Siesta Silk None None
10 Cuprinol W hite Primer None None
11 Crown Magnolia Silk 08B15 0.86
(*) A ll colour samples are of emulsion paint except sample No. 10 which is of 
an acrylic priming paint.
(**) The reflectance of four of the samples has been provided by the paint 
manufacturer, using the colours specified in BS 4800; 1981. The other 
seven colours are specific to the manufacturer.
These measurements and those of the barium sulphate white surface involved 
the use of a Beckman ACTA M-Series Spectrophotometer (Beckman, 1985) and
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the Hunterlab Tristimulus Colorimeter Model D25M-9 (Hunterlab, 1986 and 
Hunter, 1963). This equipment was also used to determine the reflectance of a set 
of 11 No. sample reference cards painted in a range of colours. A general 
description of the samples is given in Table 4.1.
The results of the colorimetric and spectrophotometric measurements of the 
sample reference surface cards used for this study is shown on Tables C2 to C12 
and Figures C2 to C12. A summary is provided in Table 8.1. These sample 
reference cards were used as a means of approximating the reflectance of surfaces 
in the rooms to be surveyed. In this way they were a check on the luminance 
measurements made using the barium sulphate white surface. They are also 
included in Chapter 8 as part of a review of the accuracy of the survey.
4 . 6  M e a s u r e m e n t  P o i n t s  o f  t h e  S u r v e y  G r i d
It is essential that the measurement of horizontal illuminance on the working 
plane is accurate so that Eav is equally accurate. Unfortunately this can only be 
achieved by taking a series of illuminance measurements over an infinitely 
small grid. There is a need to optimise the number of measurement points on 
any grid in order to achieve acceptable accuracy, since any increase in the number 
of measurement points provides an increase in accuracy in accordance with the 
law of diminishing returns. Where changes in illuminance due to changes in 
room installation parameters are measured, then the number of measurement 
points may be substantially reduced (Siminovitch, et. al., 1987).
4 . 7  T h e  I E S  ( U . S . A . )  M e t h o d
The method of measuring the illuminance from artificial sources in building 
interiors recommended by the IES (U.S.A.) (IES (U.S.A.), 1943), recognised the 
need for a minimal number of measurements in order to provide the greatest 
accuracy. The method was called the "flux-of-light" method. The average 
illuminance in a small area is determined and where the same lighting 
conditions occur in other parts of the room then the illuminance is assumed to
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be the same. The measurement points are positioned with regard to the 
luminaires. This method of weighting certain areas is particularly suited to 
lighting installations which comply with the lumen method of lighting design. 
The widespread symmetry and similarity of these installations offer the prospect 
of a substantially reduced number of measurement points with no loss of 
accuracy. A typical array of luminaires is shown on Figure 4.3.
F i g u r e  4 . 3  R e g u l a r  a r e a  w i t h  s y m m e t r i c a l l y  s p a c e d  i n d i v i d u a l  l u m i n a i r e s  i n  
t w o  o r  m o r e  r o w s
pm cyn F 1
tm rm
imtm rm
rm
j j Luminaire 
o Measurement point
The illuminance measurement procedure is as follows:
a) Take the four readings (rm). Repeat these reading in a central bay and average 
the eight (rm) readings to give (Erm)
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b) Take the two readings (qm). Repeat these readings in the other identical bay 
and average the four (qm) readings to give (Eqm).
c) Take the two readings (tm). Repeat these readings in the other identical bay 
and average the four (tm) readings to give (Etm).
d) Take reading (pm). Repeat in another corner and average the (pm) readings to 
give (EpJ.
The average illuminance (Eav) is given by:
( E r m) ( N - l ) ( M - l )  +  ( E q m) ( N - l )  +  ( E t J ( M - l )  +  ( E p J
E av =      ( 8 8 )
( M ) ( N )
A similar measurement procedure can be applied to a range of symmetrical 
lighting installations. The example shown in Figure 4.3 allows Eav to be 
determined from 18 readings, rather than a number determined by the value of 
N  and M.
The preliminary studies in the use of this method suggest that the Eav is within 
10% of the Eav obtained by dividing the room into 600 mm squares, taking an 
illuminance reading in each square and averaging. Although the spacings in 
actual installations are likely to vary it was only those areas around the 
perimeter which were likely to affect accuracy. The affect of these areas on Eav for 
most rooms was therefore considered to be small. The method was later 
incorporated into a guide (IES (U.S.A.), 1963) which used the earlier series of 
tables (IES (U.S.A.), 1946) to permit the evaluation of a lighting installation. This 
approach, although slightly modified, has been adopted by the Standards 
Association of Australia (Standards Australia, 1990a and 1990b) and 
L’Association Francaise de l'Exchange (L'Association Francaise de l'Exchange, 
1977)
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4.8 The CIBSE Method: Bean and Esterson
An alternative approach (Bean and Esterson, 1966) was considered to be simple 
since it proposed that the working plane be divided into a series of equal areas. In 
this way the measurement points were positioned with regard to the room 
dimensions. A similar approach has been adopted in the D IN  Deutsch Norm  
(Deutsches Institut fur Normung, 1983). The illuminance in the centre of each 
area could then be measured and each area would receive an equal weighting. 
The mean of all the readings would provide Eav. In order to avoid the need for a 
great many repetitive site measurements this work was carried out as a computer 
study. In addition there were several simplifying assumptions:
a) all of the rooms were square
b) all of the luminaires were point sources
c) only the direct component of illuminance was considered
d) a limited range of SHR's were used. These were 1:1,1.25:1, and 1.5:1.
These assumptions, in particular (b) and (c), are likely to underestimate actual 
Eav. Although this was not expected to effect the accuracy of the method.
Illuminance was determined at 1,4, 9,16, 25, 36,49, 64, 81, 100 symmetrically 
placed points. This allowed the direct flux to the working plane to be estimated 
and since the downward flux from the luminaires was available from 
photometric data, this allowed the results to be expressed as direct ratios.
When the results for 100 points were compared with those computed in 
accordance with IES Technical Report No.2 (IES (London), 1971) they were 
generally within a 3% agreement. In general 16 points gave illuminance values 
within 5% of the 100 point value. Large errors compared with the 100 point 
value did occur when the spacing of the points coincides with the SHR of the 
luminaire. Analysis of the data to give an accuracy of between 5% and 10% for a 
range of room sizes produced Table 3.3. This Table was later incorporated into 
the CIBSE Code for Interior Lighting (CIBSE, 1984) and the CIE Guide on Interior
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Lighting (CIE, 1986). Bean and Esterson found that changing the SHR from 1:1 to 
1.5:1 was insignificant when considering the number of measurement points. 
Field measurements in a few rooms were carried out and errors were <10%. This 
work was extended to include studies based on a model room, although the 
range of conditions was not extended (Bean, 1972).
The D IN  Deutsch Norm (Deutsches Institut fur Normung, 1983) method can be 
applied to square or rectangular rooms of side to length ratio >1:2. The 
minimum grid size of 1 metre can be extended to 5 metres although the 
measurement point in the centre of each square should not coincide with the 
luminaire grid. No accuracy limits of the method are given although it is the 
only method to give guidance concerning the measurement of illuminance in 
obstructed spaces. This is only limited to obstructions above the working plane 
where areas divided by tall and/or large obstructions should be treated as 
separate spaces.
4 . 9  F i e l d  S u r v e y  E x a m p l e s
The simplifying constraints of the Bean and Esterson (Bean and Esterson, 1966) 
recommendations mean that when actual measurements were carried out the 
number of measurement points was commonly exceeded.
The field measurements of working plane illuminance carried out by Carter at 
St.Mary's school Wallasey (Carter, 1984) formed part of a comprehensive 
photometric survey. The illuminance was measured over a 1 metre square grid 
which can be compared to the CIBSE recommendation (CIBSE, 1984) as shown 
on Table 4.2.
This large scale increase in the number of measurement points must have 
improved accuracy to below the 5% threshold and in the case of the Art room 
given values close to the 100 point maximum considered by Bean and Esterson. 
This is particularly relevant since the illuminance fell some way short of that 
recommended for school rooms.
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Table W71 [Table 4.2] Comparison between the CIBSE recommended 
relationship between room index (RI) and the number of points of measurement 
and that carried out by Carter (Carter, 1984) and Briggs (Briggs, 1984)
MEASUREMENTS BY CARTER
Room Room Index Measurement Points
Recommended Actual
by CIBSE
RIO 1.91 9 42
Art 2.49 16* 77
MEASUREMENTS BY BRIGGS
Room Room Index Measurement Points
Recommended Actual
by CIBSE
RIO 1.59 9 35**
* This number is based on a square room. Since the Art Room was rectangular it 
is likely that 32 points would meet the required <10% accuracy
**There are other sets of measurements in the Briggs survey which use a larger 
number of measurement points. There are measurement positions immediately 
adjacent to the room surfaces and these have not been referred to since they are 
not part of the equal area concept proposed by Bean and Esterson (Bean and 
Esterson, 1966).
The illuminance survey carried out by Briggs (Briggs, 1984) to determine the 
effect of obstructions on working plane illuminance was carried out in a square 
room. This room was required to be representative of real and typical offices. The 
number of measurement points used by Briggs are shown on Table 4.2, and these 
are almost three times the amount required to achieve the 5% to 10% accuracy 
predicted by Bean and Esterson.
4.10 A Comparative Study: Carter
In 1988 a comparative study of the field measurement of illuminance methods
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recommended in the IES (U.S.A.) and CIBSE lighting code (CIBSE, 1984) was 
undertaken by Carter and Sexton (Carter and Sexton, 1988b; Carter, et. al., 1989). 
All of the measurements were made on a regular grid in unobstructed spaces. 
The measurements used for the CIBSE method were made on a grid which did 
not coincide with the SHR of the luminaire. A 300 mm square measurement 
grid was used as the most accurate means of calculating Eav. All other 
measurements were then compared to the arithmetic mean of these 
measurements. This approach compares to the 600 mm square grid adopted by 
the IES (IES (U.S.A.), 1943).
The results showed that there were, in certain instances, errors in the calculated 
Eav, when compared to the accuracy claimed in the codes. This was particularly 
noticeable for the CIBSE method for 10% accuracy. The differences in this case 
were considered by Carter and Sexton (Carter and Sexton, 1988b) to be due to the 
simplifying assumptions of Bean and Esterson (Bean and Esterson, 1966). A ll of 
the Eav results obtained by using the calculation methods prescribed by the codes 
gave an Eav higher than those from the 300 mm grid. Since all of the methods, 
except the IES (London) method, do not include measurements close to the 
walls, additional calculations to determine Eav were carried out. A ll 
measurements on the 300 mm grid which were within 1 metre of the walls were 
ignored. This increased Eav above most of the values determined by the other 
methods and identified this perimeter region as an important area when 
measuring illuminance. This may also explain why the use of the CIBSE method 
has remained unchallenged since 1966. The measurement of working plane 
illuminance is normally concerned with the centre of rooms and measured Eav 
values are commonly higher than those obtained from the 300 mm grid.
Having established the clear need for more accurate guidance when determining 
the number of measurement points to determine Eav, Carter and Sexton (Carter 
and Sexton, 1988b) proposed a modification to the CIBSE method. This was based 
on an empirical method which overlaid the 300 mm grid with other grids of 
differing sizes until Eav with the required accuracy was obtained. In general the
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minimum number of measurement points to determine Eav should be:
9(RI) for 10% accuracy
18(RI) for 5% accuracy
30(RI) for 5% accuracy**
(**)A revision to this paper (Carter, et. al., 1989b) reconsiders the number of 
measurement points required to achieve 5% accuracy.
The results of this modification to the content of Table 3.3 are shown on Table 
4.3.
Table 4.3 Comparison between the CIBSE (CIBSE, 1984) recommended 
relationship between room index (RI) and the number of points of illuminance 
measurement and that proposed by Carter (Carter and Sexton, 1988b)
Room Index Measurement Points
Recommended Proposed
by CIBSE *for by Carter for
10%
Accuracy
5%
Accuracy
10%
Accuracy§
5%
Accuracy§
0.50 4 8 5 9
1.00 9 18 9 18
1.50 9 18 14 27
2.00 16 32 18 36
2.50 16 32 23 45
3.00 25 50 27 54
*Although the 5% accuracy is achieved by a doubling of the number of
measurement points, in the original Bean and Easterson study (Bean and 
Esterson, 1966), this was to be related to the number of sources.
§These recommendations were modified in the revised version of this paper 
(Carter, et. al., 1989b).
This approach assumes that there is a need for 70% of the measurement points 
for a 5% accuracy to be used to obtain a 10% accuracy. The CIBSE 
recommendation is 50%. When the results of the illuminance measurements
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were recalculated using this approach all of the results were within the stated 
accuracy limits.
Measurements in small rooms of RI <1.0 where the CIBSE method calls for 4 
readings is almost equivalent to taking one reading. The number of points 
should be increased.
4.11 Application to Field Measurements
Although the Carter modification (Carter and Sexton, 1988b; Carter, et. al., 1989b) 
to Eav was not part of the field survey recommendations of CIBSE at the time of 
the survey work, they were either implemented or exceeded in this study.
Where the minimum number of CIBSE recommended measurement points 
were taken any resulting Eav can be assumed to be greater than the actual Eav 
based on a 300 mm grid. The results reported by Carter (Carter, et. al., 1989b) 
varied between 6% and 42% for fluorescent luminaires in spaces of RI >1.0.
In spaces where there are sharp differences in illuminance the accuracy of all the 
methods described above becomes questionable. In the spaces measured as part of 
this study all of the interiors were uniformly lit.
Where the classroom was furnished with a chalkboard the vertical illuminance 
on the surface of the board was taken as the mean of a minimum of 6 readings 
across the board surface.
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5. RESULTS OF THE LIGHTING SURVEY
5 . 1  D e s c r i p t i o n  o f  S i t e s
5 . 1 . 1  T h e  P o l y t e c h n i c  M a i n  S i t e ,  W u l f r u n a  S t r e e t ,  W o l v e r h a m p t o n ,
W e s t  M i d l a n d s .
The main site of the Polytechnic is close to the centre of Wolverhampton and is 
an amalgamation of several buildings which were constructed at different times. 
The amalgamation is such that there are two distinct blocks of buildings, the 
library/students union block and the teaching block. The oldest parts date back to 
the 1930’s when the buildings housed the Technical College and the 
Staffordshire College of Art.
A ll except one of the surveyed rooms was in the teaching block. These rooms 
were part of the accommodation of the Faculty of Science and sited in a seven 
storey tower block. This framed building was erected in the early 1960's and has 
subsequently been divided into different room configurations. The surveyed 
room in the Library block was on the ground floor and was the largest room 
surveyed on the site. All of the surveyed rooms had windows.
The maintenance of the building and the lighting equipment was the 
responsibility of the Buildings Officer (Main Site). The author of the lighting 
design which is the subject of the survey is unknown, although some of the 
luminaires are not the original ones.
There were originally 13 rooms to be included in the survey. These were 
numbered WPRM1 to 13. During the course of the survey three rooms, WPRM  
10, 11 and 12, were included in an extensive alteration programme to provide 
additional office space. It was, therefore not possible to measure illuminance in 
these rooms.
5 . 1 . 1 . 1  C l e a n i n g  C y c l e
A cleaning cycle of 6 month intervals was in operation with spot lamp 
replacement when flicker or lamp failure occurred. Room surfaces were cleaned
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at 12 monthly intervals.
5 . 1 . 2  T h e  P o l y t e c h n i c  W o l v e r h a m p t o n  D u d l e y  S i t e ,  C a s t l e  V i e w ,  D u d l e y ,
W e s t  M i d l a n d s .
Dudley Teachers Training College became part of the Faculty of Education of the 
Polytechnic Wolverhampton in 1974. There are several buildings on the site 
although most of the surveyed rooms were in the main teaching block. This 
block was an amalgamation of several buildings built at different times. A ll of 
the survey rooms contained windows and were used for evening lectures. 
Additional buildings on the site include a residential block and a 
catering/students union building. Two classrooms in the Craft Design and 
Technology building were surveyed.
The maintenance of the building and the lighting equipment was the 
responsibility of the Buildings Officer (Dudley Site). The author of the lighting 
design which is the subject of the survey is unknown, although as with the 
Main Site of the Polytechnic, some of the luminaires post-date the age of the 
building.
5 . 1 . 2 . 1  C l e a n i n g  C y c l e
A cleaning cycle of 6 month intervals was in operation with spot lamp 
replacement when flicker or lamp failure occurred. Room surfaces were cleaned 
at 12 monthly intervals.
5 . 1 . 3  S t . B e n e d i c t  B i s c o p  P r i m a r y  S c h o o l ,  S c h o o l  R o a d ,  W o m b o u r n e ,  
S t a f f o r d s h i r e .
This single storey building was constructed in 1968. The structure is of 
loadbearing brick walls with timber infill glazed panels. There is a flat roof over 
the entire building. All of the classrooms are sited on the perimeter of the 
building. The interior of these primary school classrooms was quite different to
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the interiors of any other rooms which were surveyed. They were very colorful 
and several were decorated with hanging mobiles. The visual interest was 
considerable.
A part-time care taker was employed by Staffordshire County Council. Among 
his various duties was lamp replacement. This occurred when flicker or lamp 
failure became discomforting for the teachers.
5 . 1 . 3 . 1  C l e a n i n g  C y c l e
A cleaning cycle of 6 month intervals was in operation with spot lamp 
replacement when flicker or lamp failure occurred. Room surfaces were cleaned 
at 12 monthly intervals.
5 . 1 . 4  U n i v e r s i t y  o f  S u r r e y
The University of Surrey moved to the new site in Guildford in two phases. 
Phase 1 was affected in October 1968. This included buildings AA, AB and AC. 
Phase 2 was completed in October 1969 and this included building AZ. The 
teaching block and building BC were completed in 1972
The many buildings are of a modular type with common floor levels across the 
site. The separate teaching block contains large classrooms and lecture rooms. 
Seven of these teaching rooms were surveyed. The other surveyed rooms were 
distributed throughout the other buildings. In these rooms many of the 
luminaires were of a similar type, classified as GKC N o .ll. These were designed 
by Building Design Partnership in 1964.
5 . 1 . 4 . 1  C l e a n i n g  C y c l e
A cleaning cycle of 6 month intervals was in operation with spot lamp 
replacement when flicker or lamp failure occurred. Room surfaces were cleaned 
at 12 monthly intervals.
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5 . 1 . 5  S u r r e y  C o l l e g e  o f  T e c h n o l o g y
All of the classrooms used in the survey were in the science block. This was a 
five storey building which dates from the late 1960's. The reinforced concrete 
frame allows for flexibility in the internal wall layout. External reinforced 
concrete spandril panels at each floor level separate continuous glazing to the 
classrooms. Two classroom/laboratories were surveyed and both were provided 
with fixed benches.
The maintenance regime in the science block permitted re-lamping on failure or 
when any flicker became uncomfortable. The maintenance was carried out by the 
maintenance department of the College
5 . 1 . 5 . 1  C l e a n i n g  C y c l e
A cleaning cycle of 6 month intervals was in operation with spot lamp 
replacement when flicker or lamp failure occurred. Room surfaces were cleaned 
at 12 monthly intervals.
5 . 2  G e n e r a l  M a i n t e n a n c e
The maintenance of the artificial lighting provided in the School, Colleges and 
University which formed part of this study were variable. In certain rooms there 
was evidence of poor maintenance. The features relating to the maintenance of 
the lighting systems in the surveyed rooms and their incidence, is shown on 
Table 5.1.
5 . 2 . 1  A d d i t i o n a l  C o m m e n t s  C o n c e r n i n g  t h e  C o n t e n t s  o f  T a b l e  5 . 1
5 . 2 . 1 . 1  D e t e c t a b l e  F l i c k e r
In all of the rooms where flicker was detected only one lamp was affected. The 
ends of the flickering lamp were discoloured.
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Table 5.1 Features relating to the maintenance of the lighting systems in the 
rooms surveyed.
Maintenance Feature Room Nos % of 
Total 
No. of 
Rooms
Detectable flicker WPRM4. 
WPDRM7. 
UOSRM5,11, 20. 8.5
Detectable Hum from control gear WPRM13. 
WPDRM5, 6, 7, 8, 
9,10.
STBENRM2, 3. 
GTRM2, 6,8, 9, 11. 
UOSRM5, 7, 9,14, 
15,16,17,21. 37.3
Cracked or Damaged Diffusers WPRM3, 6, 13. 
WPDRM2, 3. 
GTRM1, 9. 
UOSRM6,14, 21. 16.9
Severely Discoloured Diffuser 
and/or Dead Insects
WPRM4, 7, 8. 
WPDRM5, 9. 
STBENRM1, 2, 3, 4. 
GTRM2, 9,10,11. 
UOSRM2, 3, 4, 7,
12,14,15,18,19,20, 
21,22,23, 44.0
Although several lamps in these rooms and elsewhere were discoloured they did 
not exhibit flicker. No check was carried out to determine if luminaires were 
fitted with high frequency control gear.
5.2.1.2 Detectable Hum
This was a noise present in the room. It was not possible to determine which set 
of control gear was responsible with complete confidence.
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5 . 2 . 1 . 3  C r a c k e d  o r  D a m a g e d  D i f f u s e r s
The damage caused to each of the affected diffusers was in all cases insufficient to 
seriously alter the photometric performance of the luminaire. Typically these 
were chipped corners and longitudinal cracks.
5 . 2 . 1 . 4  S e v e r e l y  D i s c o l o u r e d  D i f f u s e r s  a n d / o r  D e a d  I n s e c t s
The diffuser was classified as discoloured if it appeared to be a different colour 
from the cleanest diffuser in the room. Since the most common affect was a 
yellowing then a subjective appearance of yellow was also used for identification 
purposes.
Dead insects on diffusers gives an immediate impression of poor maintenance.
A subjective assessment was applied so that small and/or <3 No. insects were 
ignored.
5 . 2 . 2  C l e a n i n g  C y c l e s
The information concerning the cleaning cycle of the lighting installations was 
obtained from the maintenance department responsible for the rooms. No 
additional checks were carried out to determine the validity of this information. 
It is interesting to note that the maintenance regimes for all of the surveyed 
rooms were identical. The intervals quoted are in marked contrast to the 4 
monthly interval recommended by the Department of Education and Science 
(DES, 1967). The general need for effective maintenance of teaching rooms called 
for in I.E.S Lighting Guide; Lecture Theatres (IES(London), 1973b) and the later 
CIBSE Guide (CIBSE, 1991), which, although non-specific does identify the role of 
maintenance and I.E.S Technical Report No.9 (IES(London), 1967).
The type of luminaire, the function of the building, its location and decoration 
scheme together with the cleaning intervals, as noted earlier, has been used to 
determine the Maintenance Factor (MF) for the installation in accordance with 
IES Technical Report No.9 (IES(London), 1967). This is used in Chapter 6 and has
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been included in the AMAZON illuminance prediction programme.
5 . 3  R e s u l t s  o f  t h e  S u r v e y
The lighting survey of the 59 rooms has produced a considerable amount of 
information and data. It is not possible to report every detail here, although 
every effort has been made to include every item which is relevant. For example; 
the reflectance of the walls in certain rooms involved the measurement of the 
reflectance of fixed shelving and the contents of those shelves. These reflectances 
were area weighted to produce a reflectance for the walls and therefore the 
dimensions of shelves and their contents were also recorded.
An overall summary of the results from the rooms surveyed is shown on 
Table 5.2.
5 . 3 . 1  D e t a i l s  o f  R o o m s
The general details of each of the rooms surveyed is shown on Tables A l to A59. 
These are included in Appendix A. The interiors of 20 No. rooms are shown as 
colour prints on Plates 5.1 to 5.23.
In order to present all of the information on one page it has not been possible to 
shown a cross-section through the room. All heights are therefore tabulated. Key 
information identifying the types of luminaire, the chalkboard and notice board 
are shown on Table A60, which is included in Appendix A.
The information contained on each of the Tables is grouped as:
5 . 3 . 1 . 1  T h e  P l a n  V i e w  o f  t h e  R o o m
This shows the overall size of the room. The spacing of the measurement grid is 
based on the Room Index (RI) and illuminance has been measured at all 
intersection points on the grid. The spacings of the luminaires is shown together 
with additional dimensions for those not placed in a regular array. In order to
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Plate 5.23 UOSRM 24
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avoid inaccuracies in the calculation of average illuminance (Carter, et. al., 1989b) 
the measurement grid has been selected to minimise coincidence with the 
luminaire grid. A ll of the figured dimensions are in metres.
E x a m p l e  u s i n g  G K C  R o o m  N o . W P R M l
Table W74.dra: Wolverhampton Polytechnic (Main Site) 
GKC Room No. WPRM1
12.05
1.73 6.40
Measurement gr Ljuminairb gri 1
1.28
1.41
0.64
1.513.010.86 1.72 
Plan View All dimensions in metres. Not to scale
5 . 3 . 1 . 2  R o o m  D i m e n s i o n s  a n d  R e f l e c t a n c e
The room height has been measured between floor and ceiling. This is also equal 
to the distance between the base of the floor cavity and the ceiling cavity.
Where chalkboards or notice boards are provided in the rooms their positions 
have been indicated on the plan. The reflectance of their surfaces has not been
shown although it has been used to determine the pwtot. The reflectance of 
windows with or without curtains/blinds has been included in the 
determination of pwtot.
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The values of pc and pf shown are those for the surface of the ceiling and floor 
respectively. The reflectances of furniture has not been shown although this and 
the dimensions of the furniture has been used to determine the pecc and pfc 
which is required for the AMAZON illuminance prediction programme as it 
forms the effective reflectance of the floor cavity. Due to this factor the general 
description "Open sided desks in random positions" appears frequently on the 
tables of room data given in Appendix A. This comment has been clarified with 
lecturers/teachers who confirmed that the layout of furniture was subject to 
change on a regular basis.
The position of any permanent chalkboard and/or notice board has been 
annotated by reference to the nearest wall.
Example using GKC Room No.W PRMl
Actual Room Number: C304 Pwa = 0.18 Pc — 0.56
Ceiling Height: 2.88 m Pwb = 0.18 "O II 0.20
Chalkboard: N A P w x ~ 0.33 Pwtot 0.17
Notice Board: N A Pwy = 0.20
Furniture: Open sided desks in random positions
5.3.1.3 Details of Luminaires
The 12 different general types of luminaires which were in the surveyed rooms 
are shown on Table 5.3.
Each type has been allocated a GKC reference number. This was developed 
during the survey period. Each of these reference numbers was used to identify a 
reference number in the AMAZON illuminance prediction computer 
programme. Both of these numbers are shown on Table 5.3. Although the GKC
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Table 5.3: Types of luminaire found in the lighting survey
Cross Section Notes Luminaire Luminaire BZ
N O . No. (Norn)
(GKC)* (Amazon)**
Opal sides and prismatic base 
[Catalogue No: Thom SMO.l]
O O
o o
o o o
o o
/ o  O N
No diffuser. Plain twin batten type 2
[Catalogue No: Thom PPD2675]
Reeded sides and base 3
[Catalogue No: Thom PPD Twin]
Surface mounted.
Opal sided diffuser with
prismatic base 7
[Catalogue No: Thom SMWO.4]
Reeded sides and prismatic base 8
[Catalogue No: Thom PPC2675]
Twin Batten Reflector 9
[Catalogue No: Thom PPR2675]
14
5
12
No diffuser. Plain batten type 
[Catalogue No: Thom PP675]
10
O O Semi-recessed. Opal sides with 
prismatic base
[Catalogue No: Thom FTRA/E/2685]
11 15
Reeded sides and prismatic base 
[Catalogue No: Thom SMP.l]
12
i S - i
Reeded opal base and sides 
[Catalogue No: Thom PPD675]
13
Fully recessed. Flat clear prismatic 
diffuser 14
[Catalogue No: Thom FTRA/P/1685]
Opal sides and prismatic base 
[Catalogue No: Thom PPE2675]
15
16
10
Notes: (*) These numbers were used during the survey to indicate luminaire types. 
(**) These numbers identify the luminaire in the AMAZON database.
1 1 2
reference numbers are in sequence this is not true for the AM AZON database 
numbers due to a previous allocation.
All of the luminaires are of a standard type and many are >20 years old. This has 
permitted the use of equally standard photometric data to be used from Thorn 
Lighting (Thorn Lighting, 1976). The commercially available photometric data 
for each of the luminaire types is shown on Tables B1 to B12 which are included 
in Appendix B.
The mounting height is listed as the floor to ceiling height of the room or the 
floor to height of the luminaire where this is suspended.
The type of lamp was identified by visual inspection and the wattage used to 
identify the lumen output.
The line voltage to the luminaires was continuously monitored during each 
survey, so that the effect of any variations on lamp output could be taken into 
account. This was achieved by placing a voltmeter across the contacts a lamp. A  
further measurement was taken on at least one other lamp during the survey. 
All of the measurements were ±2% of 220 Volts ac.
Example using GKC Room No.W PRMl
Ref. No.: GKC No. 1
Manufacturer/Ref. No.: Thorn PP Single
Size (Nominal): 2.4 m
Mounting Height: 2.88 m
Lamps per Luminaire: 1
Type: Sylvania W hite/125 w
5.3.1.4 Luminance
The measurements of luminance were made at a height of 1.2 metres above the 
floor and in the centre of Walls "a" and 'x". The position of these walls is shown
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on the plan view of the room. The direction of view of the Hagner meter was 
initially horizontal. These conditions are identical to those used for the 
determination of Glare Index as CIBSE TM10 (CIBSE, 1985). Since the 
measurement of luminance in the Hagner meter takes place within a 1° circular 
angle in both meters of the meters used, it was possible to scan the meter across 
the visual field within the room. This was taken as 120° horizontally and 70° 
vertically about a horizontal line of sight. The luminance shown on Tables A l 
to A59 is the maximum recorded.
Although the need for control of surface luminance in uplighting design is 
specialised, since it is commonly adopted for areas containing VDT's, it is 
claimed to provide good visual conditions (CIBSE, 1994; Electricity Council, 1984). 
The specific recommendation for a maximum ceiling luminance of 1500 cd/m 2 
can be compared with the measured luminance due to parts of the luminaire 
being the regions of maximum luminance in the field of view. High luminance 
has occurred on parts of light sources in several rooms.
Example using GKC Room No.WPRMl
Direction "a" = 1400 cd/m2
Direction "x" = 2000 cd/m2
5.3.1.5 Measured Illuminance
All of the illuminance measurements have been made at the height of the 
Working Plane (WP). The term "Measured Illuminance" is the Horizontal 
Illuminance measured at each of the grid points whose dimensions are specified 
on the plan view of the room.
The spacing of the measurement grid has been selected to avoid coincidence with 
the luminaire spacing. The number of measurement points has been selected to 
provide a better than 5% accuracy compared to the CIBSE recommendation 
(CIBSE, 1984) although the accuracy achieved with this number of measurement
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points has been criticised by Carter and others (Carter and Sexton, 1988b; Carter, 
et. al., 1989b). The italicized averages are those relating to the rows and columns 
of measured illuminance. The bold (A) value is the arithmetic average of all the 
measurements. The distribution of (A) illuminance for all of the rooms is shown 
on Figure 5.1.
The recent re-assessment of the method of quantifying the variation of working 
plane horizontal illuminance has focussed on the effect of illuminance 
measurements <0.5 m of the walls. It is recommended that, for the 
determination of 'diversity' (CIBSE, 1994), these readings be ignored. In order to 
make a direct comparison with the UR for all the other rooms the 'diversity' of 
Rooms UOSRM2, 9 & 10 has been calculated. These are the only rooms where 
the measurement grid is <0.5 m from the walls. The results are shown on Table 
5.2.
The measurement errors associated with this survey were considered to be ±5%. 
They have been determined by a series of repeat measurements in a selection of 
the interiors. Repeat measurements were taken approximately 7 days after the 
first measurement and where differences of more than 5% were recorded, these 
measurements were taken as the initial measurements and the process repeated.
Example using GKC Room No.W PRMl
Measured Illuminance: Average
80 100 125 135 133 117 80 n o
108 117 170 180 140 140 117 139
105 120 125 122 134 103 93 115
180 170 203 193 142 190 165 178
140 147 147 147 149 145 147 146
Average 123 131 154 155 140 139 120 137 (A)
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Figure 5.1 Distribution of working plane illuminance in surveyed rooms
20
CIBSE Recommended illuminance 300 lux
45 rooms provide <300 lux
co
14 Rooms provide >300 lx
Number of rooms in illuminance group
10 -
co
CO
CMCM
100 140 180 220 260 300 340 380 420 460 500 540
(Average working plane illuminance is shown grouped with the mean value of each shown on the horizontal axis)
Average working plane illuminance (lux)
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5.3.2 Additional Survey Information
This additional information is part of Tables A l to A59 and is included in 
Appendix A.
5.3.2.1 Room
The general working height of the classroom furniture was measured as a height 
above floor level. The furniture found in the majority of the rooms surveyed 
was of an open metal tubular type. In rooms GTRM1 and 11, UOSRM4 and 24 
there was fixed seating and/or benching. Rooms GTRM1 and 11 were used as 
laboratories with WP heights of 0.89 m and 1.1 m respectively. Students sat on 
stools. Rooms UOSRM 4 and 24 were used as level floor lecture rooms. The 
heights of 0.55 m, 0.57 m and 0.60 m were of standard primary school furniture.
The RI was determined from the conventional form:
RI = (L W )/h m(L+W) (86)
Of the rooms surveyed 15 had an RI >2.00 and these were the largest rooms in 
the survey. The greatest RI was 2.91 for room GTRM9. No room had an RI <1.00. 
The lowest RI was 1.12 for room UOSRM10.
It was not part of this study to examine the influence of location characteristics 
and the geometric properties of classrooms on visual performance (Saglamer and 
Cagdas, 1982), although the visual acuity needed to view the chalkboard in the 
larger rooms was not assisted by low illuminance in the room or in the plane of 
the chalkboard.
Example using GKC Room No.WPRM2 
Room
Desk/Working Plane Height = 0.76 m
RI = 1.25
5.3.2.2 Luminaires SHR and UR
The SHR for the actual installation has been determined. The use of TM5 
(CIBS,1980) to determine UF, as shown on Tables B1 to B12 contained in 
Appendix B, assumes that there is a need for illuminance uniformity across the 
WP within the room. This is assumed to be achieved when the actual SHRact < 
SHRnom. The SHR for each room in the survey has been determined. The 
direction of the spacing of the luminaires is either (x) or (a) which is shown on 
the plan view of the room. This direction w ill coincide with the axial (A) or 
transverse (T) planes through the luminaire. Single line arrays of luminaires are 
provided with one SHR value.
The SHRnom is selected from a choice of preferred values and is based on the 
ratio adopted by the CIBS (CIBS, 1980) which is based on the work of MacWhirter 
(MacWhirter, 1937) :
Emin /Emax >0.70 (87)
The UR is normally measured for the task area (CIBSE, 1984). In the rooms 
surveyed the task area could be anywhere in the room, since even in rooms with 
fixed benches the students may additionally occupy spaces between them. It is 
recognised that a degree of variation in illuminance adds interest to interiors and 
in the case of daylit interiors even those with a UF of 0.4 appear "well 
daylit"(Loe, et. al., 1986). There is also evidence to suggest that there is a link 
between uniformity of illuminance and productivity (Boyce, 1989). Many of the 
interiors were provided with regular arrays of luminaires suggesting a "Lumen 
Method" design approach. When these factors are considered it would appear 
reasonable to assume that in general the measured UR should correspond to the 
recommended UR of 0.8 (CIBSE, 1984). This was never achieved although the 
UR in rooms WPRM2, WPDRM9 and GTRM8 were within 6%. The average for 
all of the measured rooms gave UR = 0.53, this is shown on Figure 5.2 which also 
shows the distribution of UR using the data given in Table 5.2.
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Fig—e 5.2 Uniformity ratios from measured working plane illuminance
aA CIBSE Recommended uniformity ratio 0.8
12
Average uniformity ratio 0.53
10 -
Number of rooms in uniformity ratio group
0.22 027 0.32 0.37 0.42 0.47 0.52 057 0.62 0.67 0.72 0 77
(Uniformity ratio is shown grouped with the mean value of each shown on the horizontal axis)
Uniformity ratio
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Example using GKC Room No.WPRM2 
Luminaires
SHR(x)(A) = None
SHR(a)(T) = 1.10
SHRnom = 1.25
UR = 0.75
5.3.2.3 Accuracy of Measured Illuminance
The recommended number of measurement points to achieve a 5% accuracy has 
been taken from the first column of Table 4.3. The survey was expected to 
produce an accuracy of 5%, as column two of Table 4.3. The accuracy attributable 
to the number of measurement points listed in these columns has been 
questioned (Carter and Sexton, 1988b; Carter, et. al., 1989b) and the relevant 
numbers of measurement points are shown below the actual number of 
measurement points. A comparison between these numbers allows the relative 
accuracy of the average illuminance to be determined. This has been based on the 
general guidance described in Chapter 4 where:
9(RI) = No. of measurement points to achieve 10% accuracy (88)
18(RI) = No. of measurement points to achieve 5% accuracy (89)
The probable accuracy is determined by interpolation of the number of 
measurement points found from equations (88) and (89) and relating this to the 
actual number of measurement points used in the survey.
The Sd of the illuminance measurements is shown as a measure of the degree of 
variance from the average value.
The vertical illuminance on the chalkboard was the average of six separate 
readings across the surface of the board. The general IES recommendation for 
"about 500 lux" in the plane of the chalkboard (IES(London), 1973b) is also 
sufficient for any demonstration work in that area. There is a clear need for the
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consideration of glare in this area and since this w ill affect the teacher/lecturer, 
the luminance measurements discussed earlier are relevant. Not one of the 
chalkboards was provided with an average vertical illuminance of 500 lux. The 
highest recorded illuminance was 310 lux in room WPDRM5.
Example using GKC Room No.WPRM2
Measured Illuminance
Recommended No. of measurement points 
as Table 4.3
5% accuracy CIBSE = 18 (CIBSE, 1984)
5% accuracy Carter = 22.5 (Carter and Sexton, 1988b)
Actual No. of measurement points = 20 
Probable Accuracy = 6%
Sd = 26.35 lux
Vertical illuminance at the chalkboard = None
5.4 AM AZO N Predicted Illuminance
The illuminance in the surveyed rooms was predicted by the AM AZON  
computer programme. A ll of the information obtained during the survey was 
used as the input data for the AMAZON computer programme. This is 
examined in Chapter 6. This included the following factors.
5.4.1 Room
The dimensions of the furniture and its reflectance has been used to determine 
the pecc and pfc which is required for the AMAZON illuminance prediction 
programme. The reflectance of all the wall surfaces, including notices, display
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material and fixed furniture has been included in order to determine the pwtot 
as described by the general equation (85). The reflectance of glazing and/or 
blinds/curtains has also been included in the determination of pwtot.
The maximum allowable pwtot which could be entered into the AMAZON  
programme was 0.50. This has been exceeded for 43 of the survey rooms.
The greatest pwtot value was 0.56. The lowest pwtot value was 0.17.
E x a m p l e  u s i n g  G K C  R o o m  N o . W P R M 2  
R o o m
Reflectances used to predict horizontal WP illuminance
p e c C =  0 . 8 6
pfc = 0.30 
pwtot = 0.25
5 . 4 . 2  P r e d i c t e d  I l l u m i n a n c e
The illuminance at each of the grid points used in the survey as calculated by the 
AM AZON programme is shown in tabular form. The line and arithmetic 
averages are determined as for the actual illuminance measurements. The 
features of the computer programme and the predicted illuminance results w ill 
be discussed in Chapters 6 and 7. The results are shown on Table 5.4.
Any reflectance of the wall surface which is above 0.50 is not included in the 
calculations to produce the predicted illuminance.
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Table 5.4 Statistical summary of predicted illuminance |
Room No. RI I Samp. Pop. [ Epav ] D iff. Ediff Ms j (x.n) Sum of E UR | N f [D iff.
Stand. Stnd. j  (lux) | to (%) Pts. Squares (min) I ; Mod.
: Dv.(Sd) Dev. | Emav !(**) Values (§) j : (***)
dux) (lux) | (x) j (lux) (n) (lux) !<%)
WPRM1 1.97 50.37 : 49.64 1349.641 211.9 60.50 35 12227 4357673 262 0.75| 039 -
WPRM2 1.25 77.42 I 75.46 ! 346.6| 202.1 57.70 20 6932 2516524 241 r.....0 7 ...0.42 !
WPRM3 1.63 43.22 42.13 : 368] 1555 41.90 20 7360 2743976 306 0.83] 038 43.40
WPRM4 1.44 88.05 85.82 ; 231.5 149.05 64.40 20 4629 1218675 116 05! 036 -
WPRM5 1.6 6511 6356 342.6! 202.1 58.70 20 6851 2427603 242 0.71 0.41 -
WPRM6 1.63 53.22 51.87 440.9j 159.8 37.50 20 8818 3941664 348 0.79 034 41.40
WPRM7 1.71 98.07 96.01 451.09 ] 341. 46 7620 24 10826 5104634 310 0.69] 024 -
WPRM8 1.62 45.69 44.76 | 343.6 168.48 48.90 25 8590 3001618 271 0.79! 031 -
WPRM9 13 7857 76.98 30024] 166.04 55.40 25 7506 2401750 187 0.62 0.45 -
WPRM13 1.66 53.02 51.95 382.6] 146.88 36.30 25 9565 3727025 299 0.78] 0.62 36.40
WPDRM1 1.47 109.24 10734 1731.41 j 383.38 5250 29 21211 15848139 511 0.7j 0.47 -
WPDRM2 1.21 102.82 10056 1731.48 ] 541.35 74.40 23 16824 12538988 572 0.78 026 -
WPDRM3 1.43 94.09 91.71 | 557.3 141.8 24.80 20 11146 6379880 414 0.74] 0.74 25.10
WPDRM4 1.52 78.76 76.77 497.45] 107.7 21.90 20 9949 5067003 386 6.78| 0.78 -
WPDRM5 1.79 15126 149.7 839.97 ] 326.14 3330 30 25199 21838593 4% 039 0.61 -
WPDRM6 1.64 139.87 137.04 750] 252 33.90 25 18750 14532000 517 0.69 [ 0.66 -
WPDRM7 2.16 52.24 515 [337.08] 12833 38.10 36 12135 4186005 245 b.73| 0.62 -
WPDRM8 1.7 44.63 43.73 ! 366| i30.8 36.00 25 9150 3396710 2% J 0.81 j 0.64 -
WPDRM9 1.71 35.05 34.16 j 293] 18 6.01 20 5860 1740316 241 0.82 0.94 7.37
WPDRM10 1.7 37.46 36.71 321.12] 8.92 2.92 25 8028 2611638 264 0.82] 0.97 11.10
STBENRM1 j 141 68.72 67.83 407.74] 110.94 28.10 39 15902 6663374 276 0.68 0.73: 28.40
STBENRM2 ; 1.87 34.76 34.18 '24137] 1*163 -32.00 30 7241 1782781 172 0.71 j 134; 32.70
STBENRM3 j 139 46.26 45.48 408.73 j 190.9 46.90 30 12262 5073942 323 0.79! 033: -
STBENRM4 j 1.67 51.83 50.74 408.96 ] 239.79 59.00 24 9812 4075713: 308 0.75] 0.411 -
GTRM1 122 50.02 49.3 435.371 16137 36.80 35 15238 6719242 320 0.74 | 0.63 -
GTRM2 1.54 48.05 46.83 296.15 ] 35.15 10.40 20 5923 1797961 221 0.75 j 0.88 18.60
GTRM3 2.7 765 75.4 356.46j 98.46 26.50 35 12476 4646146 226 0.63 0.72 28.70
GTRM4 1.7 39.43 38.43 335.15 j 98.15 30.10 20 6703 2276045 277 0.83 0.71 -
GTRM5 102 50.01 4931 33431 44J87: 12.40 36 12035 41108% 233 0.7 0.86 12.50
GTRM6 1.44 38.32 3752 292.83 ] 37.42 13.10 24 7028 2091814: 226 0.77 0.87; 13.30
GTRM7 1.97 118.78 115.77 583.4! 130.4
. . . . . . . . . . . . . . . . . . . . . 3 ...... .. .. . - . . . . . . . . . . J
23.90 20: 11668 7075160 431 0.74 0.78| -
GTRM8 1.48 393 38.48 322.5 ]  84.58 2630 24 7740 2531678 257 0.8 0.74: -
GTRM9 191 32.19 31.68 37438] 158.44 42.20 32 11980 4517132 330 0.88 038; -
GTRM10 104 72.78 71.74 324.03 ]  8232 28.30 35 11341 3854915 172 0.53 0.74; 28.50
GTRM11 133 50.46 49.73 44254] 216.83: 49.30 35 15489 6941121 356 0.8 031! -
( - )  Indicates that the predicted illuminance is <  measured illuminance Z J ___1
( * * )  =  Ediff(%)| ( * * * )  Indicates the %age difference modulus which includes negative differences
( § )  Indicates the minimum illuminance predicted in the room j
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Table 5.4 Statistical sutnmaiy of predicted illuminance
Room No. RI ! Sample Pop. i Epav | D iff. t Ed iff Mei (x.n) ! Sum of E UR I N f j D iff.
Stand. Stand. (lux) j Emav (%) Pts. Squares (min) ! Mod.
Dv.(Sd) Dev. (**) Measuri (§) i {***)
| (lux) (lux) |(x) ] (n) Values (lux) !(%)
UOSRM1 1.34 99.46 96.94 1375.05 j 71.8 17.80 ! 20 7501 1 3001189 196 0.52 ! 0.81 18.80
UOSRM2 1.14 37.69 36.74
—
272 20 2510 341994 80 ! 0.64 | 0.97 12.00
UOSRM2* 1.14 18.52 1757 : 159.4] 11.9 8.45 10 1594 257170 138 0.87 : 0.92 9.14
UOSRM3 1.87 27.23 2655 I 247.5 j 2025 955 20 4950 1239218 207 0.84 i 0.92 19.60
UOSRM4 117 68.09 6727 391.43 ] 207.5 5210 42 16440 6625156 228 0.58 ! 0.47 52.30
UOSRM5 1.51 71 69.21 | 448.71 16245 3650 20 8970 4122428 336 0.75 0.64 -
UOSRM6 1.46 76.41 74.48 \ 339.4] 91.15 27.80 20 6788 2414790 187 0.55 I 0.73 27.90
UOSRM7 1.82 49.6 48.35 ! 486.7 181.2 36.10 20 9734 4784282 416 0.86 : 0.63 36.20
UOSRM8 1.56 60.06 5854 567.15 j 284.15 49.90 20 11343 6501729 461 0.81 f 0 50 -
UOSRM9 1.16 79.8 78.12 433.33) 19.58 556 24 10400 4653128 320 0.74 ; 0.95 7.11
UOSRM9* 1.16 139 13 533.751 1125 212 8 4270 2279126 532 0.99 I 0.98 7.02
UOSRMIO 1.12 49.93 48.67 13.00 20 4325 982657 127 0.59 ! 055 15.40
UOSRMIO* 1.12 40.55 38.47 249.9] 35.9 1260 10 2499 639301 187 0.75 056 15.00
UOSRM11 1.28 52.13 50.81 3885 j 153.25 39.40 20 7770 3070276 272 0.7 0.60 -
UOSRM12 1.45 36.02 35.29 245.6 41 1550 25 6140 1539124 188 0.77 0.83 23.30
UOSRM13 1.59 46.19 4526 241.6] 0.44 053 25 6040 1510478 173 0.72 1.00 21.00
UOSRM14 112 69.23 68.36 534.61 241.35 45.00 40 21384 11618788 402 0.75 055 -
UOSRM15 1.55 81.22 79.16 610.7] 354.95 58.60 20 12214 7584430 494 0.81 6.i£ -
UOSRM16 2.1 69.76 68.89 544.33} 235581 4290 40 21773 12041393 411 0.76 ““""057! -
UOSRM17 1.41 67.92 66.49 525j 195.42 37.00 24: 12600 6721088 418 0.79 0.63! -
UOSRM18 112 68.87 67.88 554.631 299.2 54.10 35 19412 10927718 432 0.78 -
UOSRM19 1.45 62.66 61.08 505.1! 267.35!........ i .......... 5260 20 10102 5177126 415 0.82 0.47: -
UOSRM20 1.52 84.15 82.02 637.5 j 412.6 64.90 20 12752 8265216 515 0.81 0.35! -
UOSRM21 114 67.78 66.93 534.34) 309.75 57.70 40 21375 11601447 403 0.75 0.421 -
UOSRM22 1.39 255 24.85 127.31 1.1 -0.10 20 2546 336458 95 0.75 0.99! 33.60
UOSRM23 1.69 36.51 3558 267.4 ) 89.65 33.80 20 5348 1455376 214 0.8 0.66! -
UOSRM24 135 188.26 185.62 538.19) 159.72: 2650 36 19375 11667951 164 0.31 0.70] 26.50
(*) Indicates the results obtained after discounting those readings <0.5 m from the walls
(**) Ediff(%) j ]
(***) Indicates the %age difference modulus which includes negative differences
(§) Indicates the minimum illuminance predicted in the room
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Example using GKC Room No.WPRM2
Predicted Illuminance:
241 314 309 314 241
Average
284
351 450 445 450 351 409
351 450 445 450 351 409
241 314 309 314 241 284
Average 296 382 377 382 296 347 (A)
5.4.3 Comparative Differences
The differences between the predicted and measured illuminance can be 
determined form the tabulated values.
The overall difference is shown here as Ediff(%). Although the overall differences 
give useful information they do not describe the effect of positive and negative 
differences in individual measurements of illuminance. In order to quantify 
these differences a Modulus Ediff(%) is included.
An alternative means of examining the difference between the predicted and 
measured illuminance is through the use of a normalisation factor (Nf) (Slater, 
1989). When this applied to Epav it w ill determine
In all rooms except, STBENRM2, N f was <1.0. The lowest N f was 0.243 for 
WPRM7. The N f for STBENRM2 was 1.342.
These and other comparisons will be examined in Chapters 6 and 7.
Example using GKC Room No.WPRM2
Ed*(% ) 57.7
Modulus Ediff(%) none
N f 0.416
&VC
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5.5 Review of Results
5 . 5 . 1  D i s p e r s i o n  o f  M e a s u r e d  I l l u m i n a n c e
The dispersion of the measured illuminance in rooms was considerable. The 
largest Sd was 150.72 and there were four other rooms with an Sd>100. The 
lowest Sd was the 10.49 recorded for UOSRMIO*. Since the illuminance values 
for this room were measured in the centre of the room, this Sd is not 
unexpected. However the dispersion of illuminance in rooms UOSRM2* and 9* 
were better than the average value of 62.5. The degree of dispersion is 
emphasised by the low minimum illuminance values measured in several 
rooms.
5 . 5 . 2  A v e r a g e  I l l u m i n a n c e  ( E m)
In 45 of the 59 rooms examined the CIBSE (CIBSE, 1984) and DES (DES, 1981), 
since the room were lit with fluorescent lamps, recommendations for a Standard 
Service Illuminance on the working plane of 300 lux was not met. Table 2.2 of 
the CIBSE Code for Interior Lighting (CIBSE, 1984), which includes a range of 
modifying factors, can be used to determine the recommended Design Service 
Illuminance for Teaching Spaces. The recommended illuminance contained in 
the code has evolved in response to research and user requirements (Weston, 
1961). This change from Service to Design Illuminance may produce an increase 
or a reduction in the recommended average WP illuminance. For the teaching 
spaces examined here it is reasonable to assume that Service Illuminance and 
Design Illuminance are of identical value. This is because the answers to each of 
the six questions posed by Table 2.2 is no. Therefore, in 45 of the 59 rooms 
examined the CIBSE (CIBSE, 1984) recommendation of a Design Service 
Illuminance on the working plane of 300 lux was also not met. Since the nature 
of the rooms in this study and the earlier study by Saunders (Saunders, 1969) are 
similar, it seems reasonable, recognising the limitations of the work by Saunders, 
to suggest that over 50% of the rooms provide an illuminance which is less than
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satisfactory. Although a direct comparison is not possible, due to the use of 
Maintenance Illuminance, a substantial number of the rooms would also fail to 
meet the Australian Standard (Standards Australia, 1990a) and 1'Association 
Francaise de l'Eclairage ( l'Association Francaise de l'Eclairage, 1987) 
recommendations.
Although there has been a recent modification to the recommended method of 
measuring WP illuminance (CIBSE, 1994) which has identified the need to ignor 
measurements close to the walls when determining the Diversity of 
illuminance, these measurements can be included in the determination of Emav.
The Emav values as shown on Table 5.2 describe a most disturbing set of results 
with >76% of the rooms surveyed failing to reach what could be considered a low 
minimum Emav. The recommendations of The 1961 IES Code for Interior Lighting 
(IES(London), 1961) was for 322 lux and although this 7% increase is probably due 
to the metrification of the 30 lm/ft2 and its subsequent rounding down to 300 
lux, this is a significant reduction for an average value. The content of the 1961 
IES Code was considered to be both authoritative and comprehensive (Wood- 
Robinson, 1966).
Room GTRM1 was used as a laboratory for the teaching of general science. The 
CIBSE (CIBSE, 1984) recommendation of a Standard Service Illuminance of 500 
lux could be applied to this room. The E^y of 274 lux in this room is significantly 
below the recommended value since it fails to meet the recommended average 
illuminance for a classroom.
5 . 5 . 3  M i n i m u m  I l l u m i n a n c e
In 36 of the rooms the DES recommendation (DES, 1981) of a minimum 
illuminance of 150 lux at any point on the working plane was not met. The 
general wording of this recommendation is not helpful, since it is reasonable to 
assume that measurements adjacent to w all/w all junctions are to be included.
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The use of classroom corners for normal class activities, except perhaps for 
disciplinary reasons, is unlikely. Where illuminance measurements in the 
survey rooms have been taken within 0.5 m of the walls the room is denoted 
with an asterisk (*). The following results are of interest:
5.5.3.1 Room UOSRM2*
This has illuminance measurement points 0.45 m away from walls 'a* and 'b\ 
The lowest illuminance when considering all measurement points is 60 lux and 
when those grid points <0.5 m from the wall are ignored the minimum 
illuminance increases to 95 lux. In both cases the room fails to provide the DES 
minimum illuminance.
5.5.3.2 Room UOSRM9*:
This has illuminance measurement points 0.48 m away from walls 'a* and 'b' 
and 0.44 m away from walls V  and 'y\ The lowest illuminance when 
considering all measurement points is 260 lux and when those grid points <0.5 m 
from the wall are ignored the minimum illuminance increases to 460 lux. In  
both cases the room exceeds the DES minimum illuminance. This is expected 
since with an Emav of 413.75 lux it is one of the five rooms with Emav >400.00 lux.
5.5.3.3 Room UOSRM10*
This has illuminance measurement points 0.45 m away from walls V  and 'y \ 
The lowest illuminance when considering all measurement points is 120 lux and 
when those grid points <0.5 m from the wall are ignored the minimum 
illuminance increases to 190 lux. In the first case the room fails to provide the 
DES minimum illuminance. Although the 190 lux meets the DES 
recommendation for minimum illuminance the general lighting in the room 
would still not meet the requirements for Design Illuminance as the Emav is 214 
lux.
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The survey shows that 61% of the rooms fail to provide the minimum 
illuminance required by the DES (DES, 1981). This is also disturbing since all of 
the classrooms were in regular use. In order to place the survey results into an 
historical context the statutory requirements for school lighting in 1959 (HMSO, 
1959) are of interest. These regulations required the provision of a minimum of 
10 lm /ft2 on the working plane. This is approximately 107 lux and 18 of the 
surveyed rooms fail to achieve this illuminance. The Emav in room WPRM4 fails 
to meet this minimum requirement. Whilst it is recognised that lighting 
recommendations would change in response to changes in clients and users 
requirements, the 107 lux recommendation is a level below which the visual 
task becomes difficult for children (Hopkinson, 1963).
The IES recommendation (IES (London), 1973b); which has also been included in 
the CIBSE recommendation (CIBSE, 1991); for an illuminance of 500 lux on/on 
the plane of the chalkboard was not met. The lighting of many chalkboards was 
poor and in 57 rooms the illuminance was less than the Emav in the room. 
Common faults were veiling reflections from luminaires sited to light the 
chalkboards. This occurred in rooms WPDRM4, 5 and UOSRM4. There was some 
veiling reflection present on the chalkboards in rooms WPDRM7, 10,
STBENRM1, 2, 3, 4, GTRM1, 6, 7, 8, UOSRM1, 510 and 23. Although it is 
appreciated that the 500 lux is a very general recommendation the highest 
recorded illuminance is 38% less than this.
Although the amenity of the classrooms was not a major part of this study many 
of the rooms were subjectively "glarey". This was generally true of all those 
rooms where veiling reflections were found. Luminaires with bare fluorescent 
tubes, as GKC Nos 2, 9 and 10, were obvious glare sources. The DES requirement 
to lim it the luminance within an angle of 135° from the downward vertical to 
5100 cd.m2 (DES, 1981; HMSO, 1959) in order to minimise glare does not 
correspond exactly with the measurement range adopted for this study. The 
range of 140° about the horizontal line of sight was adopted because this
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corresponds to the approach contained in CIBSE TM 10 (CIBSE, 1985). Allowing 
for this difference there were 14 rooms with areas of luminance in excess of this 
minimum. A ll of the rooms at Surrey College of Technology and the University 
of Surrey met this requirement.
The luminance of 10000 cd/m 2 and 11000 cd/m 2 in rooms WPRM6 and 
WPDRM3 was measured on exposed lamps.
5 . 6  S u m m a r y
Of the total number of rooms surveyed only 13 met both of the horizontal 
illuminance design requirements recommended by CIBSE (CIBSE, 1984 and 1994) 
and the DES (DES, 1981). The lowest Emav was 82.45 lux in room WPRM4. In 8 
rooms the Emav was less than the minimum DES required illuminance of 150 lux 
(DES, 1981). The contents of Tables 5.2 and A1 to A59 detail the information 
obtained from the survey. Summary information is given in Table 5.5.
T a b l e  5 . 5  T h e  N u m b e r  o f  r o o m s  N O T  c o m p l y i n g  w i t h  t h e  d e s i g n  
r e c o m m e n d a t i o n s  u s i n g  a c t u a l  m e a s u r e m e n t s
Design Recommendations
CIBSE/DES DES IES/CIBSE DES
Total Classroom Classroom Chalkboard Field of View
No. of 300 lux 150 lux 500 lux 5100 cd/m*
Rooms (Average) (Min) (Average) (Maximum)
59 45 (76%) 36 (61%) 59 (100%) 14 (24%)
Where () = Percentage of rooms not meeting the design
criteria (ffiS(London), 1973b; HMSO, 1959; DES, 1981; CIBSE, 1984,1991 and 1994).
It is recognised that the focus of this work has excluded other factors which 
influence visual comfort and student performance, including those factors 
discussed by Sampson and Jones (Sampson and Jones, 1972).
A selection of results of the survey described in this chapter have been published earlier (Cook, 1990). This 
and the other published work by the author of this study is included in Appendix D.
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6. CALCULATION METHODS
6.1 Historical context: The Lumen Method and Eav
The "Lumen Method" of determining the Eav produced by a lighting installation 
is examined in some detail in the CIBSE Code for Interior Lighting (CIBSE, 1984 
and 1994). This is a modern form of the calculation procedure which has been 
reviewed and set within an historic context in Chapter 2. The work of Harrison 
and Anderson (Harrison and Anderson, 1920a) into coefficients of utilisation, the 
need for an analytical basis for a lighting code (Beuttell, 1934), the subsequent 
work of Moon and Spencer into the interflection method of lighting design 
(Moon and Spencer, 1946c) and the zonal method of modifying these methods by 
Jones and Neidart (Jones and Neidart, 1953) are key stages in the development of 
this method. Those luminaires with a low DLOR have a high indirect 
component with the reverse being true. The traditional Harrison and Anderson 
(Harrison and Anderson, 1920a) method of Eav determination from low DLOR 
luminaires was considered to be inaccurate due to a generally low UF, low 
maintenance factors and the use of increasingly reflectant surfaces for which in 
1953 there were no design tables available (Burnham, 1953).
The work of Jones and Neidhart was modified by Lynes (Lynes, 1959) and Phillips 
and Prokhovnik (Phillips and Prokhovnik, 1960) with subsequent publication by 
the IES (London) as Technical Report No.2 (IES (London), 1971). This included 
the British Zonal (BZ) classification system which simplified the original 
calculation method. This work was concisely reviewed by Bean (Bean and Bell, 
1976) who considered that the BZ approach and that adopted by the CIE (CIE,
1975) were unsatisfactory. Bean proposed that coefficients of utilisation should be 
determined by reference to the direct flux and the final flux on room surfaces. 
Final flux being the sum of direct and inter-reflected flux. This approach was 
adopted by the CIBS and incorporated into TM5 (CIBS, 1980). This describes the 
means of producing tables of coefficients of utilisation and describes their use in 
the current standard lumen method of artificially lighting interiors.
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The method adopted by TM5 (CIBS, 1980) to determine Eav has largely overcome 
the difficulties associated with the production of coefficients of utilisation from 
luminaires with low DLOR's, although the specific case of uplighters has been 
addressed separately (CIBSE, 1994). In this study there were no luminaires with 
DLOR's <0.50.
Average illuminance is used for design purposes since many Codes (CIBSE, 1984 
and 1994; CIE 1986) recommend values for specific interiors. This study is 
concerned with the illuminance at points on the WP of classrooms rather than 
Eav. However the work of Bean (Bean and Bell, 1976) and Phillips and 
Prokhovnik ( Phillips and Prokhovnik, 1960) into inter-reflection w ill be referred 
to later since it forms part of the calculation method used by the AMAZON  
computer programme.
6 . 2  C o m p o n e n t s  o f  I l l u m i n a n c e
The method of determination of illuminance at a point on a horizontal working 
plane can be conveniently considered as being composed of two factors:
(i) the direct component of illuminance
(ii) the indirect component of illuminance
6 . 2 . 1  T h e  D i r e c t  C o m p o n e n t
The direct component may be determined by a relatively straightforward 
procedure based on the geometry of the luminaire, its position in the room and 
the intensity distribution. The contribution from each luminaire in the room 
can then be determined, the sum of all these contributions providing the direct 
component of illuminance.
Several methods of calculating the direct component of illuminance have been 
proposed. The approach adopted by McPhail (McPhail, 1951) attempted to 
consider the true intensity distribution of the luminaire by producing a
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geometric constant (los) or (sol). This could then be used as:
Io I
Ed = — los — (90)
Sd Sd
The general assumption that the source was linear, without width, simplified 
the calculations. The I0 was determined from the transverse and axial intensity 
distributions of the luminaire although no attempt was made to consider 
intensities outside these planes. It was also assumed that axial intensities were 
uniform throughout the length of the strip. The standard configurations are 
strikingly similar to those in the CIBSE Code for Interior Lighting 1984 (CIBSE, 
1984).
The "aspect factor" method of calculating the direct illuminance from a linear 
source was described in IES (London) Technical Report No. 11 (IES (London), 
1968). Although not specifically referenced it remains an integral part of current 
best practice (CIBSE, 1994). The method drew on the work carried out by Holmes 
(Holmes, 1959), Einhorn (Einhorn, 1951; Einhorn and Ackerman, 1952) and Bean 
(Bean, 1964). The procedures described in IES (London) Technical Report N o .ll 
which were introduced in Chapter 2, including the aspect angle concept shown 
on Figure 2.9, w ill be examined later since they are used in the AM AZON  
computer programme.
The CIE method of determination of direct flux (CIE, 1978 and 1979) from the 
downward flux distribution of the luminaire is based on the work of Dourgnon 
and Godfert and has been described by Bean (Bean and Bell, 1976). It is a quite 
different approach to that adopted by the IES (London) (IES (London), 1968) of 
McPhail (McPhail, 1951) and Higbie (Higbie, 1941). Although only the approach 
for downward flux was described a similar approach could be developed for the 
upward flux. Since the method is directed towards the determination of Eav it is 
not directly applicable to the determination of illuminance at a point. Although 
the method allows for the determination of surface illuminance which can then
133
be used to compute the inter-reflected component.
The need to determine the direct illuminance from an area source, rather than 
the line described by McPhail, is a fundamental one. This is particularly true for 
luminous ceilings (Bellchambers and Godby, 1973) although all of the luminaires 
examined in this study are of linear/modular/rectangular type. Direct 
illuminance from area sources was examined by Bell (Bell, 1973) who considered 
the elements of a uniform area source as shown on Figure 6.1.
F i g u r e  6 . 1  A n  e l e m e n t  o f  a  u n i f o r m  a r e a  s o u r c e  w h e r e  L e o b e y s  t h e  f o l l o w i n g :
The adoption of triangular areas allows the method to be extended to cover a 
range of polygonal shapes. Using the notation shown on Figure 6.1 it can be 
shown that:
L e  =  L t C o s " ( 0 )
X
Triangular source (T)
Y
Ez (Illuminance on a plane parallel to the surface of the source)
u
Ez = IS — Cosn+i(0) dxdy 
Ri r
(91)
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The double integration term can be converted to a single integration by the 
correct choice of co-ordinates as:
Tan(a) = y/D  (92)
x Y
Tan (b) = — . ------------  (93)
y (Y2 + D2)i/2
Thus changing the domain:
B
Thus, by the method shown by Bell (Bell, 1973):
Lt Cosec (A)
Ri (n+1)
Sec2(b)
1 1-,(l+Cosec2 (A)Tan2(b)) I (Sec (A) Sec(b))n+1 db (94)
The luminance distribution of luminaires is such that only n = 0,1, 2 and 3 are 
likely to be encountered. When these values are substituted into (94) and the 
integration completed general solutions are available. The consideration of 
rectangular sources is described in a similar way using the notation shown on 
Figure 6.2.
The consideration of points of interest outside the source area are not part of this 
work, likewise the consideration of illuminance on perpendicular planes. This 
approach by Bell could be developed to include these factors although that was 
not the approach adopted earlier by the IES (London) (IES (London), 1968). The 
variation of source luminance would add another variable to the above solution.
An alternative approach has been developed by Sorensen (Sorensen, 1987) with a 
view to increasing the computational efficiency of calculating direct illuminance
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in rooms. The need for a common convention for the production of photometric 
data is clearly desirable and Sorensen has used the C, y angular co-ordinate 
system (CIE, 1982) to produce a table of luminous intensities for the luminaire. 
The introduction of a standard approach to the format of photometric data 
(CIBSE, 1988) has assisted the development and application range of computer 
programmes for artificial lighting design.
Figure 6.2 An element of a uniform area source comprising Triangular source 
T1 and Triangular source T1
Triangular source (Tl>
Triangular source (T)
Ez (Illuminance on a plane parallel to the surface of the source)
The Sorensen approach uses the co-ordinates shown on Figure 6.3 and the angles 
shown on Figure 6.4 to carry out the calculations for direct illuminance. The 
recommended spacing of calculation points is 0.2 hm and for simplifying the 
calculation the spacing of luminaire points is recommended as being the same. 
Figure 6.3 The Sorensen co-ordinates and relative co-ordinates
hm
(xl, yl)
Ax
Where: xp and yp = target point co-ordinates 
Ax = xp-xl
Ay=yp-yi
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Figure 6.4 The Sorensen angles "C" and "Y"
Where: r = V(Ax2 + Ay2)
C = tan-1(Ay/Ax)+ 90°
Y = tan-i(r/hm)
The luminous intensity as defined by angles "C" and "Y" are found by 
interpolation from the intensity distribution table.
The cosine law is then applied to give:
1
Ep =  .I(C,Y).Cos3Y (95)
hm2
The first term is a scaling factor which will be constant for rooms which comply 
with the "Lumen Method" of lighting design and all others with a constant 
luminaire mounting height.
This simple calculation process, when repeated for all points, w ill require many 
hours of computer time. The process can be made more efficient by assuming 
symmetry in luminaire intensity distribution, and that the mounting plane of 
the luminaire and the WP are parallel. This allows a table of relative co­
ordinates to be produced for all points. Interpolation can be used for intermediate 
points. When the luminaires are spaced uniformly the computational efficiency 
is improved when point spadngs are taken as fractions of luminaire spacings 
since this avoids interpolation.
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Where there is symmetry in an installation the illuminance from one luminous 
point w ill produce a table of calculated and interpolated values. Since the 
calculations for another luminous point will be added to those already 
calculated, there is a need to summate the tables of values. This further 
improves computational efficiency and is shown on Figures 6.5 and 6.6.
One luminous point is used to determine the illuminance at points on the target 
plane. These values are used as an Illuminance Point Table (EP Table) as shown 
on Figure 6.5
Figure 6.5 The Illuminance point table (The EP Table)
A luminous point 
. on a luminaire
---------------O-------------
■e-
Illuminance points
-e ©----- 0----- e------- ►x
Origin
The EP Table
More luminous points on the luminaire are represented by a stack of EP Tables 
Figure 6.6 A summation procedure in which a table of illuminance from one 
luminous point is used to give a table for all luminous points under 
consideration.
-e-
Origin
— e —
Several luminous points 
on a luminaire
Illuminance points
-e e----- e—
-e-
-► x
- ► x
A stack of EP Tables
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The total illuminance is found by summing all the values at the illuminance 
points through the stack of EP Tables.
Sorensen has extended this concept into utilisation factors, SHR and Discomfort 
Glare. The efficiency of this method is directly related to the symmetry of the 
installation, although it has the facility to consider irregular arrays. Interpolation 
of tabulated values is another means of improving efficiency which is also 
enhanced by recognising that the illuminance at calculation points relatively 
large distances away from the luminous points are low, and that have only 
small variations. In these instances the spacing of calculation points is increased 
as the distance from the luminaire. The interior is always considered as having 
no obstructions.
The AMAZON computer programme has several features which are similar to 
those described by Sorensen.
6.2.2 The Indirect Component
The work of Hopkinson, Longmore and Petherbridge (Hopkinson, et. al., 1954) 
into the indirect component of daylight factor was based on the theory of inter­
reflection developed by Ulbricht for the integrating sphere. This was further 
developed by Arnt and Dresler (Dresler, 1954) who used the basic formula:
Eavi = pi/(A s[l-ptot]) (96)
Arnt obtained the numerator of (96) by weighting the product of the window 
area and the incident illuminance normal to the window plane by the mean 
reflection factor of the interior surfaces. Dresler obtained the numerator by 
identifying the incident flux on each of the room surfaces separately and then 
weighting these by the reflection factors of each surface. This approach was more 
accurate by involved many calculations. The inaccuracy of the Arnt method was 
addressed by Hopkinson, Longmore and Petherbridge (Hopkinson, et. al., 1954) by
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separating the flux entering the room into two parts. That part which came from 
above the horizon including external obstructions and that part reflected from 
the ground. This formed the basis for the "Empirical Daylight Formula" for the 
computation of the inter-reflected component of daylight factor.
Although the application of this formula to the artificial lighting of interiors was 
illustrated by Hopkinson (Hopkinson, 1955) the accuracy of ±20% compared with 
methods determined from the IES (U.S.A.) Handbook (IES (U.S.A.), 1952) 
identified a need for further work.
The Monte Carlo method (Sparrow and Cess, 1966) offers an alternative 
approach. The use of probability in determining the direction of travel and 
whether reflection or absorption w ill take place gives the method its name. The 
paths of light energy bundles can be traced and amounts tallied for intercepted 
surfaces. The process continues until absorption has occurred. This process w ill 
be examined later.
6.2.2.1 DiLaura and Obstructions
The need, identified by DiLaura (DiLaura, 1981), to consider the effect of 
obstructions in rooms in order to improve the accuracy of mathematical 
methods to determine the inter-reflected component of illuminance, greatly 
increased the number of calculations required. DiLaura used Fourier analysis to 
make the calculations more efficiently and eliminate the errors common in a 
finite element approach. Although the method represented the surfaces of 
obstructions which were perpendicular to the major room surfaces as planes that 
were parallel to the major room surfaces, this was a significant development.
Further work by DiLaura (DiLaura, 1982) examined two sub-components of the 
inter-reflected component. The first was to consider the flux falling on a surface 
directly from the luminaire, reflected once and reaching the target point. Large 
emittance gradients occur in this sub-component. The second sub-component is 
to consider the flux falling on the target point after all subsequent inter­
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reflections. Emittance gradients are relatively smooth although the second 
reflection is likely to be the least smooth. DiLaura's verification work in low  
reflectance rooms produced results very close to measured values.
6.2.2.2 The Sorensen Approach
Prior to the work concerned with direct illuminance ( Sorensen, 1987) Sorensen 
had developed an approach to the treatment of inter-reflections ( Sorensen, 
1986). This work took place in 1984-5 and aimed to produce a method which 
could be calculated on pocket calculators and computers. The method uses a 
standard room with ceiling and floor cavities. The lighting installation is 
designed as the "Lumen Method". The inter-reflection process is succinctly 
described and this uses a similar method to that described by Phillips and 
Prokhovnik (Phillips and Prokhovnik, 1960). The problem of light flux from 
wall areas contributing to other wall areas which it can "see" is allowed for by 
treating the wall as a cavity. This treats the four wall surfaces as one and is 
similar to the approach adopted by the AMAZON computer programme. 
Sorensen has also identified a geometrical factor which can be used as, or part of, 
the form factor for all room surfaces. It is claimed that this w ill also improve 
computational efficiency.
The illuminance at a point on the WP is found by weighting the sum of the 
luminances on the walls and ceiling. This weighting factor is the solid angles of 
the surfaces projected onto the WP. The form factors have been developed for 
square rooms and although this is considered to be a minor influence on 
accuracy for many practical rooms, the standard solutions are available for a 
range of room indices.
6.3 Combined Calculation Techniques
The design approach which used luminance patterns (Waldram, 1954) to 
determine final illuminance required an accurate and simple calculation 
technique to determine the inter-reflected component of illuminance. This was
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examined by Phillips (Phillips, 1956) who drew on the work of Yamauti 
(Yamauti, 1929) and Moon (Moon, 1936b). The inter-reflected flux was based on 
the integrating sphere flux transfer work of Dresler (Dresler, 1954), with its 
accompanying inaccuracies. Phillips showed that in a regular room the three 
terms in the following formula:
r rp $'p
E = — +   +   (97)
A A A(l-p )
describe the direct illuminance on a surface, the indirect illuminance on each 
surface due to a first reflection from each other surface and the indirect 
illuminance due to all other inter-reflections. This permits the average 
luminance of all surfaces to be determined. These values can then be used to 
determine WP illuminance by the formula described in Table 1 of (Phillips, 
1956). This work was recognised by Phillips to be practically accurate since it 
assumed that illuminance could be averaged over surfaces.
There is a need for an accurate assessment of the radiant interchange of 
luminous flux within a room or space when considering any inter-reflection. 
Although the theory is commonly described as a radiant heat exchange process 
(Hottle, 1930; Sparrow and Cess, 1966; Hottle and Sarofim, 1967) it is an integral 
part of much of the work described in this chapter.
6.3.1 O’Brien and Flux Transfer
A more rigorous investigation of the fundamental equation for flux transfer was 
described by O’Brien (O’Brien and Howard, 1959). This used a set of finite 
difference equations, which could be solved by an analogue computer (O’Brien, 
1958), to obtain an approximate solution, in this way it developed the work of 
Yamauti (Yamauti, 1929). The difference between the solution of the 
fundamental equation and the finite difference equations, or truncation error, 
was considered acceptable when the walls of an infinitely long hallway were
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divided into four sections. This work assumed the following:
(i) The reflection and emission of all flux is perfectly diffuse.
(ii) Steady state conditions exist.
(iii) A non-scattering and non-absorbing medium fills the space.
(iv) The size of the space is large compared with the wavelength.
(v) The flux is initially and at each reflection uniformly distributed over each 
of the finite surface elements.
All of these assumptions were features of the AMAZON computer programme, 
although points (ii), (iii) and (iv) are physically specific and are rarely mentioned 
when describing assumed conditions for the artificial lighting of spaces.
The further work by OBrien (O'Brien, 1960) used a digital computer to solve the 
transfer functions for flux in square and infinitely long rooms. These solutions 
used a three surface model of wall, ceiling and floor to give an accurate account 
of the average illuminance within the space. Jones (Jones, 1964) also used a three 
surface model in order to predict the illuminance at a point in the space. Whilst 
the direct component could be calculated by the methods described by McPhail 
(McPhail, 1951) the indirect component was determined by the use of an 
analogue computer. The ceiling and wall luminance were assumed to be 
constant and the rooms, providing that they were rectangles of length:width 
ratio of <1:3, were considered to be square. Using a grid of points Jones produced 
a table of luminance coefficients which could be used to determine surface 
illuminance.
6.3.2 Plant and Archer Finite Elements
A finite element technique was also used in the computer programme 
developed by Plant & Archer (Plant and Archer, 1973). This programme was 
developed for predicting daylight but extended to include artificial lighting 
systems. The intensity distribution of luminaires is assumed to follow those of 
the BZ classification in the transverse plane. Area and linear sources are
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represented as groups of luminous points, as Sorensen (Sorensen, 1986). The 
interior surfaces of the space are divided into cells and the effect of the 
illuminance at the centre of one cell is used to calculate the illuminance of all 
the other cells. This process is then repeated until 95% of the cells increase by 
<5%. The inherent inaccuracy associated with relatively large cell sizes close 
together has been minimised by a sub-routine in the programme which 
calculates the ratio of cell separation to cell size and where it is less than a 
specified amount the cell is sub-divided. The direct component of illuminance is 
calculated as Sorensen (Sorensen, 1987) although the programme allows for the 
effect of obstructions which may block the path of light flux between cells. An 
accuracy of 15% compared to experimentally measured values of daylight was 
claimed.
The work of DiLaura into the production of an efficient method of computing 
illuminance in rooms is considerable. The computation of the direct component 
of illuminance (DiLaura, 1975) differs from the approach of Plant and Archer 
(Plant and Archer, 1973) by the use of a perpendicular plane co-ordinate system to 
identify luminous areas and target points. The illuminance at the target point is 
found by integration of the luminaire intensity distribution over the luminaire 
surface. Luminaires are assumed to lie in the same plane and be of uniform 
luminance. The increased computational efficiency is in part due to a lumen 
method approach. The indirect component uses a finite element approach which 
can attribute reflectance to particular areas, whilst assuming them to behave in a 
Lambertian manner. The radiative transfer of light flux between the finite 
elements is determined through an iterative process, as Plant and Archer (Plant 
and Archer, 1973). Fourier analysis has been used to increase the computational 
efficiency and provide an effective basis for the development of computer 
programmes. Further work on inter-reflection (DiLaura, 1979) and a subsequent 
simplification (DiLaura, 1982) of the method allowed for the development of a 
method of considering the effect of obstructions within the space (DiLaura, 1981) 
to determine direct and inter-reflected illuminance at target points. The 
AM AZON computer programme used in this study was not able to determine
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the effects of vertical obstructions above the WP.
6.3.3 The UDIP Approach
The UDIP approach (Brackett, et al., 1983) is a modification to that described by 
Plant and Archer (Plant and Archer, 1973) which can be used to determine the 
illuminance at points on a grid as shown on Figure 2.12. Six UDIP's surround a 
luminaire. This is a variation to the grid developed by Sorensen since it places 
points at approximately 10° intervals. Hyperbolic interpolation between the 
points on the UDIP allows illuminance to be determined anywhere within it.
Ray tracing is used to account for the shadowing effect of furniture and the peq for 
the floor cavity is determined as current practice (CIBSE, 1994). The inter­
reflected component of illuminance develops the approach adopted by Dilaura 
(DiLaura, 1979) and uses a small grid of 64 squares on a "bright spot" of the 
ceiling above a luminaire to calculate a "first bounce" reflection. This allows for 
the sharp differences in luminance across the ceiling. The use of form factors 
allows the final illuminance due to direct illuminance from zones of the room 
and obstruction surfaces to be determined. The subsequent "bounces" of inter­
reflection are treated as arising from 48 sections of a hemisphere which overlays 
the target point. The luminance of the sections being due to direct illuminance 
only. This method was considered to provide reasonable accuracy although this 
was not reported at the time. Computational efficiency, due to the interpolation 
approach as Sorensen (Sorensen, 1987), and the hemispherical approach to inter­
reflections, was claimed.
6.3.4 The Monte Carlo Method
The Monte Carlo method when applied to lighting calculations (Tregenza, 1981) 
offers a different approach. The random numbers which determine the direction 
of a light particle and the reflection or absorption from a surface of the light 
particle are scaled from the probability distribution of the actual process. The
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method allows for a count of particles to be equated to an estimate of 
illuminance of the intercepted surfaces. A simplified flow chart of the method is 
shown on Figure 6.7.
Another explanation of the Monte Carlo method by Stanger (Stanger, 1984) 
describes a computer programme to solve the luminous flux inter-reflection 
problem for a simple room containing a point source. In order to further 
increase computing efficiency and accuracy the luminaire was divided into two, 
one pointing at the floor and one pointing at the remaining parts of the room. 
This approach has similarities with the Distribution Factor concept (CIBS, 1980).
The Monte Carlo method can be used to build up a picture on a computer screen 
by plotting the impact of particles as luminous dots and using dot density to 
show the changes in illuminance. Pictures of interiors are more difficult to 
produce when using finite element techniques since the relatively large areas 
involved give average illuminance values and these require to be 
mathematically smoothed to produce pictures. In general Tregenza suggests that 
the method has advantages over the finite element approach for more complex 
inter-reflection problems.
6.3.5 Egger and Obstructions
Egger (Egger, 1984) described the need for an internationally accepted method of 
artificial lighting design which allowed for the effects of objects in a furnished 
room. This endorsed the need for a unified approach to lighting design (Bell and 
Page, 1981) but was partially in response to the recommendations of D IN  5035 
(Deutsches Institut fur Normung, 1983). It was also recognised that the 
development of computer programmes to make the necessary calculations 
should carry out the computations within a reasonable time. The computer 
programme developed by Egger allowed for the influence of obstructions and 
non-rectangular planes.
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Figure 6.7 Central part of flow chart from Monte Carlo method of
illuminance calculation
Calculate path of particle(*)
Add to particle count for surface
Calculate new direction of particle
Notes:
No Yes
Emission from lamp
Illumination of surface
Particle absorbed by surface ?
Determine which surface is intercepted
(*)The scaled random numbers can be used to ensure that the number of particles travelling in 
any direction are related to the luminous intensity in that direction or particles can be emitted 
evenly from the source using an angular co-ordinate system and given a weighting depending 
on the luminous intensity of the source in that direction.
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Although the main interior!* surfaces are assumed to have a uniform direct 
illuminance "inserts" of different reflectance and or high/low direct illuminance 
can be positioned on the surface. This is a mid-point position and appears to be 
driven by the need to substantially reduce the number of calculations.
The form factor integration between finite surface elements can be represented 
geometrically (Toups, 1965). This reduces calculation time and allows for a 
graphical representation of the influence of obstructions and shading to be 
obtained. The results of the computer programme reinforce the view that Eav is 
not a good guide to the quality of a lighting installation compared to a graphical 
representation. The case reported by Egger (Egger, 1984) shows that a failure to 
account for local obstructions, in this case a 1.7 m high partition between desks, 
can result in local variations of >40%.
6.3.6 Non-rectangular Interiors and Computational Efficiency
The need for lighting computer programmes to accommodate non-rectangular 
interiors, which may be considered as unobstructed, was identified and met by 
Stockmar (Stockmar, 1986) who developed a suite of lighting computer 
programmes. A similar need was identified by the Ove Arup and Oscar Faber 
consultancies (Sedgwick, et. al., 1986). These utilised the latest desk top PC 
hardware and had a user-friendly data input method. The inverse square law 
was used to compute direct illuminance, and the indirect component using finite 
areas and transfer functions. A three-dimensional co-ordinate system, similar to 
that used by DiLaura (DiLaura, 1975), allow for the accurate modelling of the 
interior. The restrictions which control the total number of calculations include:
(i) All surfaces to have plane edges.
(h) One calculation grid.
(hi) Limits to the number of obstructions
(iv) The total number of polar luminous intensity curves for the
luminaires is limited.
The similar approach to that used by Sorensen for luminous points or strips
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(Sorensen, 1987) is used for linear luminaires. In the Sedge wick, Walmsley and 
Ruffles (Sedgwick, et. al., 1986) approach internal obstructions, <10 No., are 
considered. A check on luminous point to target point distance is carried out, 
which if >5:1 the source is considered to be a point source. Area sources are 
treated differently in a method derived from Henderson and Marsden (Cayless 
and Marsden, 1983). The division of all surfaces into similar sized elements for 
the purpose of determining the inter-reflected component restricted the spacing 
of the measurement grid although it reduces computation time. The accuracy of 
the finite element approach to inter-reflections was considered to be in the range 
5% to 10% when 3 to 5 iterations are completed (Sedgwick, 1987; Sedgwick, et. al., 
1988). It is unclear whether this accuracy is related to a specified number of 
iterations or the results of another calculation technique.
Whilst recognising the need for many calculations the use of suitable 32-bit 
computer systems could carry these out within a reasonable time scale. This was 
considered to be in several minutes. Although validation of these programmes 
was not reported (Sorensen, 1987; Stockmar, 1986) at this time.
6 . 3 . 7  V a l i d a t i o n  o f  C o m p u t e r  P r o g r a m m e s  i n  U n o b s t r u c t e d  I n t e r i o r s
A subsequent initial validation of the computer programmes mentioned earlier 
(Stockmar, 1986) was carried out in an unobstructed interior (Slater, et. al., 1987). 
Although the results for uniform and non-uniform arrays of ceiling mounted 
luminaires, similar to those which are included in this study, were ±10% several 
factors were identified which would significantly influence measured 
illuminance. These included lamp light output, maintenance factors and the 
reliance on luminous intensity distribution measurements from only the axial 
and transverse planes. The comparative difference reduced to ±5% when 
considering the opal and prismatic diffusers similar to those described in this 
study. The factors which influence the validation of lighting computer 
programmes and therefore affect the methods of comparing measured and 
predicted illuminance in interiors has been described by Bougdah and Carter
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(Bougdah and Carter, 1991) and this will be examined further in Chapter 7.
The results of the measured illuminance were generally greater than those 
predicted by the computer programme. A N f was used to compare the average 
illuminances. This approach could be considered to have either removed the 
physical factors influencing the difference or ignored it. Certainly the N f 
approach can identify areas of computational error on a measurement grid. 
Following additional work Slater (Slater, 1989) subsequently reported the results 
for 8 different lighting systems in an unobstructed interior. The results were 
similar to those reported earlier (Slater, et. al., 1987). This is one of the largest 
bodies of information concerning measured and predicted illuminance currently 
available and can be compared with the study by Egger (Egger, 1988) which uses 
the COPHOS 2 computer programme.
6.3.8 Computers and Practical Lighting Design
The need for lighting design guidance at the "synthesis" stage is not possible with 
all of the developments described in this Chapter. This is not a significant 
disadvantage for those computer programmes which allow for fast re­
calculation. This approach is more difficult when the exact use and configuration 
of the space is not known. This need, as identified by Carter and McEwan (Carter 
and McEwan, 1988a), would allow for the modification of a "lumen method" 
approach to take account of obstructions. The computer programme described by 
Carter and McEwan (Carter and McEwan, 1988a) for use in rectangular rooms, 
can accommodate the influence of obstructions which are assumed to be formed 
from six rectilinear panels. The UDIP method (Brackett, et. al., 1983) is used to 
calculate the direct illuminance on all the interior surfaces. The unit hemisphere 
method (Brackett, et. al., 1983) was used to calculate the indirect component of 
illuminance for all surfaces. A ceiling lit by luminaires with a high ULOR were 
treated differently (McEwan and Carter, 1987). A series of comparative studies, 
involving field measurements of illuminance (Carter and Sexton, 1988b), were 
carried out to determine the accuracy of the computer programme. The results
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compared well with the field measurements.
6.4 The calculation methods used in the AMAZON computer programme
6.4.1 Origin of the Computer Programme
The AMAZON computer programme was, in 1986, considered to be a typical 
industry standard. The programme did not have the range of features associated 
with those developed by Stockmar (Stockmar, 1986 and 1988), Egger (Egger, 1984 
and 1988) and Carter (Carter and McEwan, 1988a), but did include a range of 
computational techniques recommended by the IES (London) (Phillips and 
Prokhovnik, 1960; IES (London), 1968), CIBS (CIBS, 1980) and CIBSE (CIBSE, 
1984).
The programme was developed by Haden Young Ltd as part of their suite of 
electrical engineering design software between 1980 and 1984. This suite was 
subsequently extended to include heat losses and heat gains. Although initially 
for use within the Haden Young organisation the software was made 
commercially available through Amazon Computing Ltd. of Milton Keynes. 
Version 3.1 of the AMAZON programme was purchased in 1987 by 
Wolverhampton Polytechnic who retain the site licence Number 10355. This 
version will run on the MSDOS 3.3 operating system and occupies 1.2 MB of disk 
space. The programme is compiled and it has not been possible to obtain a full 
listing since the programme is currently being re-written.
6.4.2 Calculation methods used in the Computer Programme
The programme will calculate the illuminance at a grid of points, as shown 
typically on Table A l, on the WP for any rectilinear shaped room from specified 
luminaire types and locations. A luminaire library file exists for the storage of 
photometric data from all of the luminaires used in this study. This information, 
together with that of the room, is used to calculate the direct (IES (London), 1968) 
and indirect component (CIBS, 1980) of illuminance on all of the grid points.
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This calculation is only possible for fluorescent linear or area luminaires with 
symmetrical axial polar curves. The general constraints applying to the input 
data are listed on Table 6.1
The following general assumptions are made:
(i) the ceiling plane and the floor plane are horizontal and therefore
parallel.
(ii) the WP is nearer to the floor than the ceiling
(iii) room surfaces are planes of uniform reflectance and have a
lambertian luminance characteristic
The programme considers the room to consist of three surfaces, the floor, wall 
and ceiling. Bean notes (Bean and Bell, 1976) that the three surface model gives 
good results in practice (Bean, 1972), this is also the approach adopted by CIBS in 
TM5 (CIBS, 1980).
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Table 6.1 Input data constraints for the AMAZON computer programme.
Luminaire Library
Manufacturers Reference No. <24 Characters
Catalogue Reference No. <24 Characters
Tubes 1,2,3 or 4
Tube lengths (m) (wattage) 0.6 (18), 1.2 (36,40),
1.5 (50,58,65,80),
1.8 (75,85) and
2.4 (85,100,125)
ULOR <0.9
DLOR 0.1 to 0.1.0
SHRMAX 0.5 to 3.0
BZ Classification 1 to 7
(at RI = 0.75)
Suspension 0 to 3 metres
Coefficient of Utilisation
Values are recorded for the following ceiling and wall reflectance
at an RI of 1.0. 2.0 and 50
Ceiling Reflectance (%)(**) Wall Reflectance (%)
70 50
70 30
70 10
50 50
50 30
30 30
30 10
Coefficient of Utilisation Correction
Factors for Length 0.8 to 1.2
Luminous Intensity
Luminous Intensity in cd/1000 lumens at 2° intervals from 0° to 90°
(**) The ceiling reflectance input data limits can be modified by an over-ride command which 
was used for this study. A similar facility was not available for the floor reflectance or the 
effective reflectance of any floor cavity
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Table 6.1 (continued) Input data constraints for the AMAZON computer
programme.
Luminaire Grid
"X" co-ordinate 0 to room length
"Y" co-ordinate 0 to room length
Luminaire orientation Parallel to "X" or
Parallel to "Y"
Rooms
Room Reference No. <24 Characters
Shape Square or Rectangular with a
maximum lengthiwidth ratio of 4:1
Length 0.5 to 999 m
W idth 0.5 to 999 m
Height 0.5 to 99 m
Pc 0 to 90%
Pw 0 to 50%
Pf 0 to 30%
MF 0.5 to 1.0
Total Number of Luminaires in the room 1 to 120
Measurement Grid
Grid Minimum "X" co-ordinate 0 to room length-1 metre
Grid Maximum "X" co-ordinate Min. "X" co-ordinate to
room length
Number of grid points on "X" co-ordinate line 1 to 14
Grid Minimum ”Y” co-ordinate 0 to room width-1 metre
Grid Maximum "Y" co-ordinate Min. "Y" co-ordinate to
room width
Number of grid points on "X" co-ordinate line 1 to 120
WP Height 0 to room height 2 metres
(**) The ceiling reflectance input data limits can be modified by an over-ride command which
was used for this study. A similar facility was not available for the floor reflectance or the
effective reflectance of any floor cavity
(***) The WP height input data limits can be modified by an over-ride command.
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6.4.3 Direct Illuminance on the Working Plane
The use of the Inverse Square Law to determine the direct illuminance from 
point sources in computer programmes can provide accurate results (Sedgwick, 
1987; Sedgwick, et al., 1988). They were not included in the AM AZON  
programme which uses the method described in the IES (London) Technical 
Report No.11 (IES (London), 1968). This provides a method for the calculation of 
direct illuminance from linear sources. The constraints which apply to the 
programme and have been identified earlier and these generally relate to the 
assumptions made in IES (London) Technical Report N o .ll. These include:
(i) „ the shape of the axial intensity curve of the luminaire is considered to be
the same for all inclined planes passing through the source axis.
(ii) the shape of the axial intensity curve is represented as a function of "a" 
the aspect angle. (See Figure 2.9)
The AMAZON programme is only concerned with Part A of IES (London) 
Technical Report 11, since it determines direct illuminance at points on the WP. 
The Aspect Factor method can be used to determine the direct illuminance at any 
point on a plane parallel to the source axis. This is true for all of the calculations 
carried out as part of this study. The method has been described earlier in 
Chapter 2 where Equation (60) describes the general form as:
Ie
Epj = --------. Cos 0. Cos (|). (AF) (60)
ls.ha
The axial intensity distribution curve is assumed to vary in the inclined axial 
planes in a manner which is described by the intensity distribution in the 
transverse planes. This is the reason for in-putting this data into the AM AZON  
programme. The standard configurations for the calculation of aspect factors 
have enabled standard Aspect Factor Tables to be included in IES (London)
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Technical Report 11. These form part of the AMAZON computer programme.
6 . 4 . 4  D i r e c t  I l l u m i n a n c e
The direct illuminance falling on the walls, WP and ceiling or mouth of the 
ceiling cavity is determined by the method described in Part 2.4 of CIBS TM5 
(CIBS, 1980). This approach is based on a series of assumptions which are part of a 
"lumen method" approach to the lighting of interiors. These assumptions have 
produced Tables of ZM's, as Table W .l of CIBS TM5 (CIBS, 1980), which can be 
used to determine DF[F] from which DF[C] and DF[W] can be determined as:
This offers computational efficiency compared to the approach adopted in Part B 
of IES (London) Technical Report 11. When this calculation is complete the 
direct illuminance of all the interior surfaces of the room and the floor and 
ceiling cavities has been determined. This can then be used to determine the 
indirect illuminance at points on the working plane.
The calculation procedure described in IES (London) Technical Report 11 and 
Part 2.4 of CIBS TM5 has not been reproduced in full here. Additional comments 
concerning the method are included in Chapter 2.
6 . 4 . 5  I n d i r e c t  I l l u m i n a n c e
With Eav for all surfaces having been determined and p for all surfaces known it 
is possible to determine L0 for each surface. Since the AMAZON programme has 
an assumed pwtot for all the wall surfaces and the shape of the room has been 
input and checked against other data, including luminaire and measurement 
grid spacings, the inter-reflected component calculation has been simplified. The
DF[W] = DLOR - DF[F] 
DF[C] = ULOR
(98)
(99)
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effect of the room surfaces on the indirect component of illuminance has been 
assumed to comply with the approach considered by Hopkinson, Longmore and 
Petherbridge (Hopkinson, et. al., 1954) that inter-reflectance in square or almost 
square rooms follows the theory of inter-reflection for integrating spheres. This 
is shown in Equation (96). The need for a more accurate consideration of the 
various light or dark parts of the interior, which could be represented as parts of 
a hemisphere surrounding the target point, was further developed by Brackett 
and others (Brackett, et. al., 1983) and re-used by Carter and McEwan (Carter and 
McEwan, 1988a). This is a convenient method of finding the Illuminance at a 
point due to inter-reflectance. It can be shown that the illuminance at point P in 
Figure 6.8:
02 2^ L(0,<j))
E = J 1 --------sin0 cos({) d(J) d0 (100)
0! K
and where L(0,(j>) is uniform over a section of hemisphere then:
-1
E =  --------- ( 0 2 - 0 i  ) ( cos2 0 2 -C O S 2 0 J L  (101 )
4 K
where 02 and 0i are given in radians.
Both the Carter and Brackett approach divides the hemisphere into 48 sections 
and apportions a luminance to each. This improves the accuracy compared to an 
average luminance but increases the number of computations. This is an 
essential requirement for those programmes which are concerned with 
calculating the effect of obstructions. An alternative approach described by 
Sorensen (Sorensen, 1986) has been used in the AMAZON computer 
programme.
The indirect illuminance at a point on the WP is the weighted sum of the 
luminance of the ceiling and the walls. The weighting is the solid angles of the 
luminous surfaces projected onto the illuminated surface. This has been 
represented by Sorensen as part of a sphere of diameter 1/2 and is shown for the 
ceiling on Figure 6.9.
157
Figure 6.8 A unit hemisphere above a point "PM to determine illuminance from 
a uniform diffuse source.
"Area 6a
Area 6a
Illuminance at P due to 
6a =dEp
Illuminance at P due to 
6d =6Ep
When 6a and da' have 
the same luminance (L) 
Then:
Ld a' cos0
6Ep  ------------
1
Also
6d = da"cos9 
and
6Ep = L6a” 
then
Ep= LSd a"=U'
PLAN VIEW
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There has been no attempt to divide the imaginary sphere into 48 sections. 
Figure 6.9 Solid angle of ceiling projected onto a point on the working plane.
Ceiling of area (A)
Solid Ancle
Working Plane of area (A)
The true solid angle would show the ceiling area as part of the surface area of the 
sphere, and the wall solid angle in a similar way. It can be shown that:
Ei = cocLc + o^Lw (102)
and
coc + cow = k (103)
The luminances of the surfaces is determined from the luminous flux on those 
surfaces, as found by the use of DF[F], DF[C] and DF[W] and the radiative transfer 
of light flux between these surfaces which can be shown as:
<hC = d^ DC + fw A v + ffc^ F = >^DC + ^IC (104)
<!\v = d>DW + fcw^C + ftyvc^W + ffw^F = ^DW + ^iw (105)
d>p = d>DF + fcfOc + fwfOw = ^DF + ^IF (106)
Therefore the luminances of the surfaces can be shown as:
Lc = pcOc/(7iA) (107)
Lw = pwOwKri/(2irA) (108)
Lf = pfOF/ ( tcA) (109)
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For a point with co-ordinates (x, y) on the working plane as;
y
w
The projected solid angle of the ceiling can be calculated by the following;
G)c=l/2j{ X- ~  V(y, y', Rx) + ~ -  V(y, y', R'x) + V(x, x', Ry) + V(X/ x '( R'y)
where: " {110)
x' = L-x 
y '  = W-y
Rx =  V(hm2 + X 2 )
R >  V(hm2 + x'2)
Ry = V(h„ 2  +  y2)
R'y= V(hm2 + y '2 )
and V is a function as:
(y+y)Rx
V(y, y", Rx) = atan-------------
Rx-(y y')
This approach permits the calculation of illuminance at points on a grid over the 
working plane.
6 . 5  D e s c r i p t i o n  o f  t h e  A M A Z O N  C o m p u t e r  P r o g r a m m e
The programme is written in BASIC for use on IBM 3081 or other compatible 
machines using an MS DOS operating system. This was considered to be the type
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of PC which lighting engineers/designers would have access to in 1986. The 
owners of the programme copyright w ill not allow the full listing of the 
programme to be made available, therefore this description of the programme is 
based on discussions with the AMAZON company. A  flow diagram of the 
programme is shown on Figure 6.10.
6.6 Features of the AM AZON Computer Programme
6.6.1 Input parameters:
These are described on Table 6.1, and are stored within the computer programme 
for later use.
6.6.2 Input parameters: Luminaires
The photometric data of all the luminaires is stored in a library file. The data is 
used in the following calculation stages of the programme. The number of lamps 
and their type allow the total light flux of the installation to be determined.
6.6.3 Calculation of Direct Illuminance
The BZ classification allows the intensity curves to be represented as geometric 
functions for the determination of direct illuminance. In this study this facility 
was supplemented by the input of the actual intensity distributions to allow the 
calculation procedures of IES (London) Technical Report 11, as equation (61) to 
proceed.
The room size and spacing of grid points were specified. This allows for the 
simple averaging of direct illuminance and the printing out of the results of the 
indirect illuminance calculations.
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Figure 6.10 Flow diagram of the AMAZON computer programme
Calculation of Direct Illuminance at grid points using 
room and luminaire parameters
Calculation of Average Direct Illuminance over calculation grid
Dimension
and
postion checks
Luminaire
library
Print /  write out calculated working plane direct illuminances
Main Menu Selection from:
Lumen Method Programme; Grid point Programme; Luminaire li brary; Lamp 
library; Exit Programme.
Options
Add the above data for additional rooms, Confirm and /o r  amend entered data 
for a room, Delete a room, Commence calculations
Input the fixed parameters of the room:
Project and engineers reference, Filename and room number 
Dimensions of room, Reflectances of ceiling, walls and floor 
Maintenance factor, Positions of grid points, Horizontal or vertical illuminance 
Height of WP ________________________________
Input the luminaire parameters:
Luminaire arrangement:
(1) Different & asymmetrical, (2) Same & asymmetrical, (3) Same & symmetrical 
Number of luminaires, Luminaire code number, Lamp (s) type & colour 
Lamp length, Lamp wattage, Positions of luminaires, Suspension length
Calculation of Inirect Illuminance at grid points using 
room and luminaire parameters
Calculation of Average Indirect Illuminance over calculation grid
Print /write out calculated working plane Indirect illuminances
Options
Produce diagrammatic representation of ranges of illuminance on the WP 
Return to Main Menu, Exit Programme
6.6.4 Calculation of Indirect Illuminance
The ULOR and DLOR are used as equation and (tS l), where the DF[F], DF[C] 
and DF[W] were determined by reference to the SHR and RI of the installation. A 
table of ZM  values, as CIBS TM 5 Table W .l, allows for interpolation to the actual 
RI and SHR of the installation. This allows the average illuminance on the 
walls, floors and ceiling to be determined, as shown in the general equations 
(107), (108) and (109). The procedure described earlier, using the solid angles of 
walls, and ceiling then allows the indirect illuminance at points on the WP to be 
determined. To this illuminance is added the direct illuminance and following 
simple averaging the results are printed out.
6.6.5 AM AZO N Computer Print-out
An example of the print-out for Room WPRM1 is shown on Figure 6.11 
The complete printout of all the rooms surveyed has not be included. A ll of the 
relevant information has been included in Tables A l to A59 in Appendix A.
6.6.6 Maintenance Factor (MF)
The cleaning interval for all of the rooms surveyed has been described in 
Chapter 5 as 6 months. Since there were engineering staff resident at all locations 
except St. Benedicts School, it would be expected, as Payne (Payne, 1983), that the 
maintenance standard would be high. St. Benedicts school, which relied totally 
on the no-engineer caretaker, would normally provide an adequate service.
Payne suggests that this method is likely to be the cheapest option (Payne, 1983). 
Although this work has not examined the validity of the responses from 
caretaking/engineering staff, there were a significant number of luminaires with 
an unclean appearance, as Table 5.1.
The AMAZON computer programme allows for the in-put of a (MF) as 
determined in accordance with IES (London) Technical Report No.9 (IES 
(London), 1967). This approach was based on earlier work including that by
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Figure 6.11 Print-out from the AMAZON computer programme 
of data and calculated illuminance for Room WPRM1
Software by 
Project reference 
Engineers reference 
File name used 
Comment
Room Sequence Number
Amazon Comd u ters L 
Wolvespo 
GKCook 
Wolvespo 
Thesis Copy 
1 = WPRM1
CONFIRMATION OF I N P U T DATA
Project reference 
Engineers reference 
File name used 
Room Sequence Number
Wolvespo 
GKCook 
Wolvespo
1 = WPRM1
12.05 Height = 2.S3 m
Floor = 20.0
DIMENSIONS :-
Length = 6.40 Width
REFLECTANCES
Ceiling = 56.0 Walls = 17.0 
Maintenance Factor = .840
GRID OF POINTS FOR CALCULATIONS :-
LENGTH Minimum = .64 Maximum = 5.76
WIDTH Minimum = .36 Maximum = 11.13
Intensities £ 1 =horizontal, 2=verti c a l = 1
Height of Working Plane above floor = .760 m
Fitting arrangement 3 = Symmetrical layout of same luminaire
Number of fittings in the room = 3
: Fitting : T u b e  : Position :M below:1=//
c e l l i n g : 2 = / /  
. 000
No of points = 
No of points =
No .-Code :Colour:Length:Watts:Lumens: " X " : 11Y "
1 3 1 l.'s 75 5750 1 . 60 1.51
2 1 . 60 4. 52
3 1 . 60 “7 cr <■“»
4 1 . 60 10. 54
5 4. 80 1 . 5 1
6 4. SO
“7 4. 80 7.33
3 4. 80 10. 54
?pe and size
-axis:
-axis:
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Figure 6.11 (continued) Print-out from the AMAZON computer 
programme of data and calculated illuminance for Room 
WPRM1
Wolverhampton Metropolitan Eorough Council, Civic Centre, WV1 1RG. . Page 
Direct/Reflected Lighting Program Project : Wolvespo
FITTING DETAILS
Code Manufacturer Reference Tube Colour No of tubes
3 THORN EMI WHITE 1
DIRECT LIGHTING ILLUMINANCES IN LUX
11.19 130 237 190 - OTJ ISO
3. 47 216 278 241 070jL. / LJ CIS
7. 75 T'-V'-k -L_ 1—J 298 •-> tr 238 223
6. 03 221 275 246 275 221
4. 30 <■“>.kLwJwF 298 252 298 T'-T'T*
2. 58 216 278 241 •“■70 * s
.86 130 237 190 237 ISO
. 64 1. 92 3. 20 4. 48 w ■ /
Average Illuminance = 239 lux over above area.
TOTAL DIRECT AND REFLECTED LIGHTING ILLUMINANCES IN LUX
11.19 262 “7uu / 234 O'? *7 2 S2
3. 47 315 393 3b8 399 315
7. 75 337 425 384 425 337
6 . 03 3 5 403 373 403 —: tr
4. 30 337 425 384 425 237
2. 58 315 399 363 399 —• 4 =1
. 36 2 S2 337 2’9 4 337 2 £ 2
.64 1. 92 3. 20 4.48 ~ . 75
Average Illuminance = 349 lux over above area.
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Robinson and Strange (Robinson and Strange, 1955) and considered economic 
aspects of lighting maintenance, as McNeill (McNeill, 1966). In the absence of 
information to enable the most economic cleaning interval to be determined it is 
recommended that the MF be based on a 6 month cleaning cycle.
6 . 6 . 6 . 1  F e a t u r e s  o f  I E S  ( L o n d o n )  T e c h n i c a l  R e p o r t  N o . 9
The MF for most lighting installations is given as:
M F = mff.mfr.k (111)
Where:
mff.mfj. = Basic Maintenance Factor (BMF)
DR
k = 1 - DR + —
mfr
Values of BMF are shown in Table 4.1 to 4.6 and values of the conversion factor 
"k" are shown on Table 3 of IES (London) Technical Report No.9.
6 . 6 . 6 . 2  L a m p  L u m e n  D e p r e c i a t i o n
The general lumen depreciation of a fluorescent lamp has been described by 
Lowry and Mager (Lowry and Mager, 1949) and has been adopted in IES 
(London) Technical Report No.9. The value of the lumen output of a lamp for 
lighting calculations in the AMAZON computer programme was assumed to be 
to be the Lighting Design Lumens, which for the lamps used in this study was 
the output at 2000 hours.
The lamp lumen output required no modification due to line voltage variation 
since this was measured during the survey and no large variations were 
recorded.
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6.6.6.3 Fitting and Room Categories
In all cases the premises were classified as Schools in a City or Town Centre. St. 
Benedicts School was sited close to the centre of a large village adjacent to main 
road and was classified as all other sites. The luminaires in this study were 
classified as Table 6.2.
T a b l e  6 . 2  F i t t i n g  a n d  r o o m  c a t e g o r i e s  a s  I E S  ( L o n d o n )  T e c h n i c a l  R e p o r t  N o . 9
L u m i n a i r e  L u m i n a i r e  R o o m  F i t t i n g
T y p e  N o .  C a t e g o r y  C a t e g o r y
Recessed Diffuser (GKC14) Y B/C
Dust Proof Diffuser (GKC 13* Y B/C
and 15)
Enclosed Diffuser (GKC 1,3,7, Y C /D
8,11,12,
13** and 15**
Ventilated Reflector (GKC 9) Y B/C
Bare Lamp Batten (GKC 2 and 10) Y B/C
[Those sited in Rooms GTRM1 and GTRM10 and GTRM 7 respectively]
[**except those as (ii) above]
6 . 6 . 6 . 4  B a s i c  M a i n t e n a n c e  F a c t o r s
The cleaning interval of 6 months requires that Table 4.3 of IES (London) 
Technical Report No.9 be used to determine Basic Maintenance Factor. The 
conversion factor "k" was taken from Table 3 of IES (London) Technical Report 
No.9. These values and those necessary for the determination of MF is shown on 
Table 6.3.
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6.7 Recent Developments
This general method for the quantification of the effects of maintenance factors 
on light flux distribution in the space was reviewed in Appendix 7 of the CIBSE 
Code for Interior Lighting (CIBSE, 1984). This proposed the use of Light Loss 
Factor (LLF), which is defined as:
LLF = (LLMF)(LMF)(RSMF) (112)
This allows the LLF for any installation comprising identical luminaires to be 
determined for different times. The maintenance schedule can be taken into 
account to produce the pattern of changing illuminance as shown on Figure 3.1. 
In contrast the MF approach only allows for a single estimate of the illuminance 
provided by the installation. Although this study was undertaken when the 
CIBSE Code for Interior Lighting 1984 was available the AMAZON software had 
not been modified to calculate LLF. The use of a LLMF of 2000 hours in a LLF 
calculation would mean that the results would be identical with those of the MF 
calculation for the rooms classified "Y" (IES (London), 1967) or of "Average 
Cleanliness" (CIBSE, 1984).
The CIBSE Code for Interior Lighting 1994 (CIBSE, 1994) bases the 
recommendations for illuminance on "maintained" illuminance rather than 
"service" illuminance. This has altered the value and definition of 
"Maintenance Factor" which is defined as:
M F = (LLMF)(LMF)(RSMF)(LSF) (113)
The additional term takes into account lamp lumen maintenance and lamp 
failure losses. This approach has changed the definition of Maintenance Factor 
to, "the ratio of maintained illuminance to initial illuminance", which is a more 
complete quantification of the maintenance factors influencing light losses in 
interiors.
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Alternative methods of identifying the optimum maintenance interval of 
lighting installations have been developed by Di Fraia and Salemme (Di Fraia 
and Salemme, 1988 and 1989). The advantages claimed for this approach are 
enhanced when interiors are dirty, lighting is indirect and costs of lamp 
replacement and room surface redecoration are high. These particular factors do 
not generally apply to the lighting systems examined in this study.
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7 .  C O M P A R I S O N  B E T W E E N  M E A S U R E D  A N D  P R E D I C T E D  R E S U L T S
7 . 1  L i g h t i n g  S u r v e y s  a n d  R e s u l t s
Although there is a recognised need for lighting designs to be verified following 
occupation/completion (CIBSE, 1994), there is little published material available 
for review. The use of Eav on the working plane as a measure of adequacy as used 
in this study, is endorsed by CIBSE (CIBSE, 1994), although the correlation 
between Eav and the occupiers assessment of how well lit the interior is are 
known to be poor (Cayless and Marsden, 1983). This is shown by Saunders 
(Saunders, 19692) whose work also provides information concerning Eav in an 
office environment.
The comparison of experimental and predicted results carried out by Plant and 
Archer ( Plant and Archer, 1973) was concerned with daylight and produced 
errors of within 30%. These were assumed to be due to experimental effects and a 
simplification in computing of form factors in the computer model. Although 
the programme uses a hemisphere to represent the natural light source for the 
determination of the inter-reflected component from artificial light sources a 
finite element approach is adopted.
A similar method for the determination of the inter-reflected component of 
illuminance at a point, after the first reflectance, by reference to 48 sections of a 
surrounding hemisphere was used by Brackett, Fink and Pierpoint (Brackett, et. 
al., 1983). See Figure 2.13 and associated text in Chapter 2. Little has been 
published on the comparison between the Emd and Epd using this approach. 
Although the author is personally aware of such work this is of a confidential 
nature (DiLaura, 1994).
7 . 1 . 1  M a i d e n  E r l e g h  S c h o o l
The survey of the lighting in the Lower School at Maiden Erlegh School on 26th 
April 1973 (Cockram and Gooding, 1975) concluded that adequate illuminance 
(DES, 1967) would be provided over most of the working areas by the existing
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luminaires. The illuminance produced by artificial lighting alone was not 
measured. The survey was concerned with the lighting of an open plan teaching 
and learning area where screens and furniture had been used to provide privacy. 
The tall furniture was cited as the reason for the inadequacy of illuminance in 
certain areas. Although the survey was concerned with lighting during the 
daytime the techniques and equipment were similar to those adopted in this 
study. No attempt was made to compare the Emd with that predicted by the design 
method, since the survey was more concerned with the appearance of the space.
The need for adequate lighting maintenance is commonly seen as part of an 
energy management issue (Payne, 1983) rather than a lighting quality issue. This 
uses lighting surveys as a monitoring exercise which may not, as in the case of 
the Maiden Erlegh School, consider the results of the initial lighting design.
7.1.2 Simpson and Tarrant
The study by Simpson and Tarrant (Simpson and Tarrant, 1983) of lighting in the 
home was not concerned with comparing Emd with Epd. This work involved the 
measurement of specific illuminance levels in 101 homes in Surrey and a 
comparison of these measurements with those recommended in the CIBS Code 
for Interior Lighting (CIBS, 1977). Although WP illuminance was not measured 
in the way described in this study the results are similar. A very large number of 
the Emd values were below those recommended in the Code (CIBS, 1977). This is 
true in the food preparation areas of kitchens where 48 areas were poorly lit by 
fluorescent lighting. Since the illuminance values recommended in the home 
were 60% of the corresponding value in industry, this is of particular concern. 
Although the current Code (CIBSE, 1994) does not specifically cover private 
dwellings the standard maintained illuminance recommended for the kitchens 
of flats/bedsits is 150 to 300 lux and food preparation and cooking in an 
industrial kitchen of 500 lux. There appears to be no change since 1977.
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7.1.3 St Mary's School, Wallasey
The survey of the lighting at St Mary's School, Wallasey (Carter, 1984), was 
primarily concerned with the daylighting provision as an aspect of the passive 
solar technology of the solar block building. The Emd in the Art Room and Room 
RIO did not meet the recommendations of the CIBS Code (CIBS, 1977). Although 
it satisfied the design requirements that existed at the time it was built. Both 
rooms were lit with luminaires containing incandescent lamps and no 
comparison with the illuminance predicted by the design method was 
undertaken. The relative accuracy of the illuminance measurements was not 
considered although a comparison with a daylight survey by Loe, Rowlands and 
Mansfield (Loe, et. al., 1986) and part of the content of Table 4.3 is shown on Table 
7.1.
The general assumption that a slightly better than 10% accuracy for field survey 
measurements was adequate appears to be reinforced by the approach adopted for 
the Nucleus Hospital wards.
7.1.4 Partitioned Spaces
The survey of illuminance in partitioned spaces which was carried out by Briggs 
(Briggs, 1984) was not directly concerned with comparing predicted and Emd. No 
reference to was made to recommended illuminance since the survey was set 
within an empirical Harrison and Anderson context (Harrison and Anderson, 
1916) to offer a simplified method of predicting WP illuminance in open plan 
offices with divider partitions. Although REALITY was a goal of the survey, the 
conditions were experimental and not as the real conditions reported here.
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Table 7.1 Comparison of relative accuracy of survey measurements made by 
Carter (Carter, 1984), Loe, Rowlands and Mansfield (Loe, et. al., 1986), Slater, 
Wilkins and Stockmar (Slater, 1987) and Egger (Egger, 1988)
Location Room Measurement Points
Index (Actual) (Proposed by Carter 
as Table 4.3)
10% accuracy § 5%accuracy§
St Mary’s(*) 
Room RIO 1.96 42 18 36
Art Room 1.40 77 14 27
Nucleus
Hospital 
Wards (**) 1.98 25 18 36
BRE (***) 1.48 169 14 27
Test (#)
Room 1.35 100 12 24
§These recommendations were modified in the revised version of this paper 
(Car^and Sexton, 1989b).
(*) Survey by Carter
(**) Survey by Loe, Rowlands and Mansfield
(***) Survey by Slater, Wilkins and Stockmar
(#) Survey by Egger
7.1.5 Non-uniform Luminaire Arrays
The need for accuracy in the prediction of working plane illuminance in 
interiors which are lit by uniform arrays of luminaires, as an essential precursor 
to any prediction for non-uniform arrays was confirmed by Slater, Wilkins and 
Stockmar (Slater, et. al., 1987; Slater, 1988 and 1989). This work compared the Emd 
and Epd on the WP by a sophisticated computer programme in an empty interior 
for 16 ceiling mounted florescent lighting installations. The initial results 
showed large differences, although unlike this study the Emd was substantially 
greater than that predicted by the computer programme. The reasons for the 
difference included;
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(i) New lamps. Output had been assumed to be as the LDL.
(ii) Assuming an MF of 0.85. The luminaires were new and clean.
(iii) The computer programme ignored upward light from ceiling mounted 
luminaires.
(iv) Luminous intensity distribution data was only available in the axial and 
transverse planes. This was considered a critical factor when comparing 
the illuminance from the batwing louvre. (The AM AZON programme 
allows for the input of luminous intensity distribution data in the same 
two planes, but since the transverse intensity curves for the luminaires 
considered in this study are not of the batwing shape it is to be expected 
that a similar inaccuracy should not occur.)
(v) Measurement errors were considered to be ±5%. (The measurement errors 
associated with this survey were of the same order and have been 
determined by a series of repeat measurements in a selection of the 
interiors.)
The accuracy of the computer programme was assessed by applying a correction 
factor to the predicted values so that the Eav was identical. This is similar to the 
N f factor shown on Table 5.4. This approach gives an indication of the accuracy 
the computer programme to predict the variation of illuminance in a space, but 
not the true accuracy of the computer programme. This w ill be influenced by the 
factors (i) to (v) above and the factors associated with the room surfaces, their 
geometry and the degree of obstruction/emptiness. The input data to the 
computer programme was revised to give an MF of 1.0 and the lumen output of 
the lamps was entered at the 100 hours value. This, not surprisingly, increased 
the predicted illuminance to approximately 10% of the measured values. 
Although the work by Slater, Wilkins and Stockmar (Slater, et. al., 1987; Slater, 
1988 and 1989) was in a real interior it was an experimental environment and did 
not truly represent the post occupancy evaluation approach which is described in 
this study.
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7.1.6 Unempty Room Cavities
The effect of unempty room cavities on task illuminance was examined by 
Siminovitch, Navvab and Rubenstein (Siminovitch, 1987). At this time there 
was a general shift in lighting design towards a method which made more use of 
computers and could therefore make more calculations as part of a design. This 
shift was driven by the work of DiLaura (DiLaura, 1979, 1981 and 1982), Brackett, 
Fink and Peirpoint (Brackett, et. al., 1983), Eggar (Egger, 1984) and others.
The Siminovitch, Navvab and Rubenstein work recognised the limitations of 
the zonal cavity technique which uses the coefficient of utilisation to predict the 
number of luminaires required to provide the required illuminance. This 
approach takes into account spacing and maintenance but assumes that the 
interior is empty although including floor and ceiling cavities. They carried out a 
series of measurements in a scale model at points on a task plane. The task area 
was configured to simulate an open plan office interior with divider partitions 
and desks. The reduction in horizontal task illuminance compared to that in an 
empty interior varied between 15% and 70%. This was considered to be due to 
the partitions and storage cupboards which were above and partially surrounded 
the task plane. The influence of obstructions within the floor cavity, which 
carries on from the work in this study described in Chapter 9, is currently being 
examined (H ill and Cook, 1994). The study described here considered rooms 
without obstructions above the working plane.
7.1.7 Egger and COPHOS 2.0
Further work by Egger (Egger, 1988) confirmed that there was a widespread use of 
computers to carry out lighting design calculations. Using the COPHOS 2.0 
computer programme Egger compared the computed and Emd from three lighting 
systems in a test room. A general description of the COPHOS computer 
programme is given in Chapter 6. Horizontal illuminance measurements were 
taken at 0.03 m, 0.85 m and 1.20 m above the floor. The relative accuracy of these 
measurements is shown on Table 7.1. The supply voltage was regulated at 220 v
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ac during the measurements and the luminous flux from all of the fluorescent 
lamps was measured. This compares favorably with the supply voltage variation 
of the work reported in this study. The luminous intensity distribution of the 
luminaires was assumed to be as the published photometric data. Two of the 
lighting systems used downlighters with batwing intensity distributions. The Emd 
values at 0.85 m above the floor, WP height, were greater than those predicted by 
the COPHOS 2.0 programme. These were 2.86% for the widespread batwing 
luminaire and 4.01% for the narrow beam type. These results are considered to be 
"extraordinarily good" (Egger, 1988). The region close to the walls, and in 
particular the corners, showed the greatest reduction from measured values and 
when these points were removed the difference reduced to 1.48% and 2.27% 
respectively. This approach identifies and overcomes the difficulties associated 
with the calculation of inter-reflectance at room edges in a practical but simplistic 
manner. This point was also considered by Carter (Carter, et. al., 1989b) when 
assessing the relative accuracy of field illuminance measurements. In general 
this is the approach which has been adopted in the current CIBSE Code for 
Interior Lighting (CIBSE, 1994). The test room used by Egger was completely 
empty.
7.2 Average Percentage Differences
The results reported by Slater (Slater, 1989) show that there although there may 
be a reasonable comparison between Emav and Epav, this may be due to the simple 
addition of positive and negative differences. This issue was addressed by 
Bougdah and Carter (Bougdah and Carter, 1991) who computed average 
percentage differences based on the moduli of individual values. The approach 
adopted by Slater (Slater, 1989) and Egger (Egger, 1988) is as:
Epd ■ Emd
E(%) = ------- - — *100 (114)
Emd
The average percentage difference in illuminance for a series of measurements is 
then:
179
1 n
Ediff(%) = — X E(%) (115)
nD 1
This produces generally positive results when the Epd is greater than the Emd. The
approach adopted by Bougdah and Carter (Bougdah and Carter, 1991) is to modify
equation (115) as:
1 n
Edl„(%) = - -  2  |E(%)I (116)
nQ 1
Although this w ill not indicate whether the Emd are greater than the Epd/ or visa 
versa, it is a more meaningful assessment of the total variability of the 
measurements. The same approach has been adopted in this study although 
equation (114) has been modified as:
Epd - Emd
E(%) = ------------ * 100 (117)
Epd
This change is based on the general case shown in the results, as summarised in 
Tables 5.2 and 5.4, where the predicted illuminance was normally greater than 
the Emd. This gives positive results which are a measure of the amount to be 
subtracted from the predicted values to determine the measured values. In these 
cases there is no loss of accuracy in using equation (117).
7. 3 Results of AM AZON Computer Programme Prediction
7.3.1 Input Data
The data which was used in the AMAZON computer programme to predict the 
WP illuminance of the surveyed rooms is shown on Tables A l to A59 in 
Appendix A. This data was subject to the constraints described in Chapter 6 and
shown on Table 6.1. The effective reflectance of the floor cavity (pfc) and ceiling
cavity (pecc) was determined in accordance with Section 4.5.3.4 and Fig 4.15 of the
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CIBSE Code for Interior Lighting 1984 (CIBSE, 1984). The surface area and 
reflectance of all obstructing surfaces was measured during the survey, as 
described in Chapter 4.
7.3.2 WP Illuminance Prediction
The results of the WP illuminance predicted by the AMAZON computer 
programme are also shown on Tables A l to A59. In addition the average 
predicted illuminance together with other comparative results is shown on 
Table 5.4. The distribution of WP illuminance predicted by the AMAZON  
computer programme is shown on Figure 7.1.
This shows that 14 (24%) of the rooms fail to provide the 300 lux average 
Standard Service Illuminance recommended by CIBSE (CIBSE, 1984) and the DES 
(DES, 1981). The lowest Epav on the WP was the 125.5 lux in Room UOSRM2. 
There were positive and negative differences in the point illuminance values in 
this room and this is described separately in this Chapter. There were negative 
and positive differences in Room UOSRM22 where the Epav on the WP was 127.3. 
Of the nine rooms between 260 and 300 lux, Rooms WPDRM9, GTRM3 & 6 were 
>292 lux and therefore since the MF is based on the LDL at 2000 hours, these 
rooms would have met the recommendations when the installation was new. 
The overall Epav for all of the rooms was 409 lux.
7.3.3 Uniformity of Illuminance
The Uniformity Ratio (UR) of the Epav is given for each room on Table 5.4. These 
results are summarised on Figure 7.2.
The average UR for all rooms is 0.73 which compares well with the 
recommended UR of 0.8 (CIBSE, 1984) and those quoted by Slater (Slater and 
Boyce, 1990). The desire to minimise variations in illuminance was recognised by 
Sampson and Jones (Sampson and Jones, 1972) in their study to determine a
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Figure 7.1 Distribution of working plane illuminance predicted by the AMAZON computer programme
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comfort rating for classrooms where UR of <0.7 would take -3 from the visual 
comfort probability. A more recent study (Slater and Boyce, 1990) which 
considered uniformity over a localised task area, considered that a UR of 0.5 was 
acceptable for the occupant and office task performance was unaffected. This 
study appears to have influenced the current CIBSE recommendation (CIBSE, 
1994).
The extreme UR values are of interest. The UR = 0.31 for Room UOSRM24 has 
been influenced by the spacings of the luminaires in the corner of walls "a" and 
"y". The staggered spacing w ill produce a reduction in WP illuminance. The 
symmetry of the installation ensures a relatively high average WP illuminance 
of 538 lux and therefore a low UR. The UR = 0.99 for Room UOSRM9* has been 
determined by reference to those point illuminance values > 0.5 m away from 
the walls (CIBSE, 1994). This room has a RI = 1.16 and is one of the smallest 
rooms. The predicted illuminance values are symmetrically spaced around the 
symmetrical luminaire spacing. Details of the WP illuminance values for Room 
UOSRM9* are given on Table A44a*.
7.4 Comparison Between Measured Illuminance and Illuminance Predicted by 
the AM AZO N Computer Programme
The measured WP illuminance and the WP illuminance which was predicted by 
the AMAZON computer programme is shown on Tables A l to A59 in Appendix 
A. The results of the surveyed and predicted illuminance have been included in 
the same Table to simplify their comparison. Summary results of the measured 
WP illuminance and the WP illuminance which was predicted by the AM AZO N  
computer programme are shown on Tables 5.2 and 5.4. A comparison of the 
distribution of WP illuminance for the measured and predicted WP illuminance 
is shown on Figure 7.3. A comparison of the distribution of UR for the 
measured and predicted WP illuminance is shown on Figure 7.4.
Figure 7.3 shows that the distribution of Emav on the WP peaks at a lower Emav and
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has a smaller standard deviation than the predicted Epav values. The differences 
in average WP illuminance for each of the rooms and measurement sets are 
shown on Figure 7.5.
This generally standard distribution shows a marked peak indicating that the Emav 
in 13 rooms is <40 lux below the Epav predicted by the AMAZON computer 
programme. The average difference of 152.32 lux can be related to the 
illuminance in each room, as shown on the summary Tables 5.2 and 5.4. The 
percentage differences are also shown on these Tables, they are also shown on 
Figure 7.6. This gives a flat distribution with a peak around the average 
difference of 33.46%.
There is a significant difference between the predicted and measured UR's as 
shown on Figure 7.4. This shows that measured UR’s are generally lower than 
predicted UR’s and this effect is similar to that reported for obstructed interiors 
(Carter and Bougdah, 1992). The variation between predicted UR as a function of 
SHR is shown on Figure 7.7 and the variation between measured UR as a 
function of SHR is shown on Figure 7.8.
The Tables and Graphs referred to give a clear indication that there are 
significant differences between the Emav and Epav on the WP. In order to quantify 
the differences in these overall average illuminance results ( Emav and Epav) two 
statistical tests have been carried out. These are shown on Table 7.2.
They show that there are significant differences between measured and predicted 
average illuminance. The sample means are significantly different although the 
coefficient of variation is very similar for both sets of results and this can be seen 
from Figure 7.3.
The graphs, as shown on Figures 7.3, 7.4, 7.5 and 7.6 give a general over view 
which although important to set the results in context, are not, when considered 
in isolation, able to provide detailed results for each room. These results are 
available and are shown on Tables A l to A59 in Appendix A.
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Figure 7.7 Variation in predicted UR as a function of SHR
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Figure 7.8 Variation in measured UR as a function of SHR
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Table 7.2 Statistical summary of Emavand Epav for all rooms.
Statistic Measured Predicted
Illuminance Illuminance
Mean (p) 255.03 (p,) 414.09 (p2)
Median 241.16 382.60
Variance 8202.16 22211.63
Stand.Dev. 90.57 149.04 (s)
Coeff. Var. 35.51 35.99
G1 (Skewness) 0.772 0.678
G2 (Kurtosis) 0.935 0.511
Sample Number 59 (n)
Statistical Tests
Using the standard normal variable (z) to test that H0: p = 255 for the predicted 
illuminance values will also give an indication of the similarity of the results.
Assuming an a level of 0.05 then from standard normal distribution tables the 
standard normal variable (z)
Z0.025 = 1.96 and -Z0.025 = -1.96.
The critical region is defined by: 
z< -1.96 and z> 1.96
( H i ) - ( M 2 )
Using the above and z —--------------= 8.19
(s)/V(n)
Therefore H 0: p = 255 is rejected
Using the Chi-squared Test (%2) and adopting H 0: the illuminance results are the 
same in all rooms. The detailed calculations are shown on Table 7.3.
The value of %2 = 45233.22
The critical value of %2 with 61 degrees of freedom for a significance level of 5% =
79.08
The critical value of %2 with 61 degrees of freedom for a significance level of 0.5% 
= 91.95
Therefore for both critical values H 0 is rejected.
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Table 7.3 Chi-squared test for Emav and Epav
I Emav Epav Emav Emav ((Emav
f(lux) (lux) - I- *
! Epav Epav Epav)
|(x) (x) ! (Squared) (Squared))
/Epav
WPRM1 | 137.4 349.64 -21224 45045.82 12833
WPRM2 1445 346.6 -2021 40844.41 117.84
WPRM3 t 2125 368 -1555 24180.25 65.71
WPRM4 f 82.45 2315 -149.05 22215.90 95.97
WPRM5 1405 342.6 -2021 40844.41 119.22
WPRM6 j 281.1 440.9 -1593 25536.04 57.92
WPRM7 f 109.63 451.09 -341.46 116594.93 258.47
WPRM8 | 175.12 343.6 -168.48 2838551 8251
WPRM9 1342 300.24 -166.04 27569.28 9132
WPRM13 J 235.72 382.6 -14638 21573.73 5639
WPDRM1 | 348.03 731.41 -38338 14698022 200.95
WPDRM2 j 190.13 731.48 -54135 293059.82 400.64
WPDRM3 | 4155 5573 -1413 20107.24 36.08
WPDRM4 f 389.75 497.45 -107.7 11599.29 2332
WPDRM5 513.83 839.97 -326.14 106367.30 126.63
WPDRM6 498 750 -252 63504.00 84.67
W D R M 7  | 208.75 337.08 -12833 16468.59 4836
WPDRM8 j 235.2 366 -130.8 17108.64 46.74
WPDRM9 | 275 293 -18 324.00 1.11
WPDRM10 | 3122 321.12 -8.92 7957 0.25
STBENRM1 | 296.8 407.74 -110.94 12307.68 30.19
STBENRM2 324 241.37 82.63 6827.72 2829
STBENRM3 j 21753 408.73 -190.9 36442.81 89.16
STBENRM4 j 169.17 408.96 -239.791 57499.24 140.60
GTRM1 | 274 435.37 -16137 26040.28 5931
GTRM2 [ 261 296.15! -35.15 j 123552 4.17
GTRM3 I 258 356.46 -98.46j 969437 2720
GTRM4 [ 237 335.15 -98.151 9633.42 28.74
GTRM5 | 289.44 33431 -4437 2013.32 6.02
GTRM6 | 255.42 292.83 -37.41 139951 4.78
GTRM7 j 453 583.4 -13041 17004.16 29.15
GTRM8 I 237.92 3225 -8458[ 715378 22.18
GTRM9 j '215.94 374.38 -158.44 25103.23 67.05
GTRM10 | 241.71 324.03 -8232! 677658 20.91
GTRM11 \ 225.71 44254 -216331 47015.25 106.24
UOSRM1 j 30325 i 375.05 -713 5155.24 13.75
UOSRM2 ! 121.3 1255 -4201 17.64 0.14
UOSRM2* | 1475 159.4 -11.9j 141.61 0.89
i \!
1 i
i \
j i
i ■ 1
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Table 7.3 Chi-squared test for Emav and Epav j
Emav Epav Emav Emav ((Emav
(lux) (lux) - • •
Epav Epav Epav)
(x) (x) | (Squared) (Squared))
/Epav
UOSRM3 22725 2475 -2025 410.06 1.66
UOSRM4 183.93 391.43 -20750! 43056.25 110.00
UOSRM5 28625 448.7 -162.45! 26390.00 5831
UOSRM6 24825 339.4 -91.15 830832 24.48
UOSRM7 3055 "486.7 -181201 32833.44 67.46
UOSRM8 283 567.15 -284.15! 8074122 14236
UOSRM9 41375 433.33 -1958 38338 0.88
UOSRM9* 5225 533.75 -1125! 12656 024
UOSRMIO 184 21625 -3225! 1040.06 431
UOSRMIO* 214 249.9 -35.90 128831 5.16
UOSRMll 23525 3885 -153.25! 2348556 60.45
UOSRM12 204.6 245.6] -41.00! 1681.00 634
UOSRM13 241.16 241.6 -0.44! 0.19 0.00
UOSRM14 29325 534.6 -241.351 5824932 108.96
UOSRM15 255.75 610.7 -354.95! 12598950 206.30
UOSRM16 308.75 544.33 -23558! 55497.94 101.96
UOSRM17 32958 525 -195.42! 38188.98 72.74
UOSRM18 255.43 554.63 -299.20! 89520.64 161.41
UOSRM19 237.75 505.1 -26735 71476.02 14151
UOSRM20 225 6375 -41250 17015625 266.91
UOSRM21 224.63 53434 -309.71 9592028 17951
UOSRM22 1262 127.3 -1.10 121 0.01
UOSRM23 | 177.75 267.4 -89.65 8037.12 30.06
UOSRM24 378.47 538.19 -159.72 25510.48 47.40]
Chi-squared ( 452322
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The calculated percentage difference (Ediff) for each room measurement set is 
shown on Table 5.4, these have been calculated from the results shown on Tables 
A l to A59. Both the measured and predicted illuminance values for all the 
rooms have been grouped on Tables A la to A59a in Appendix A. This data has 
been used to identify the variation between predicted and measured UR as a 
function of SHR for all rooms. Some of the rooms show positive and negative 
differences between measured and predicted WP illuminance.
7 . 4 . 1  P o s i t i v e  a n d  N e g a t i v e  D i f f e r e n c e s  B e t w e e n  M e a s u r e d  a n d  P r e d i c t e d  
I l l u m i n a n c e
It would be expected that due to the adoption of MF, and a LDL value at 2000 
hours for the fluorescent lamps, as (IES (London), 1967), in the AM AZON  
computer programme, there should be a number of rooms where measured WP 
illuminance would be positive and a number of rooms where Ediff(%) would be 
negative, when calculated in accordance with Equation (115). The possible 
changes in light output due to maintenance methodology are shown on Figure 
3.2. The results of the surveys show that there is not a regular distribution of 
rooms with positive and negative values for Ediff(%). This is shown on Figure 7.9. 
In only one room, STBENRM2, was measured Eav more than predicted Eav.
In 25 Rooms and 28 measurement sets there was some variation between 
measured WP illuminance and predicted WP illuminance values which 
involved positive and negative differences. These are shown on Table 7.4.
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Figure 7.9 Comparison of percentage difference from average 
measured illuminance and those results given in Table 7.5
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Table 7.4 Room/Measurement sets where positive and negative differences of 
E(%) occurred
Room Numbers Ediff(%)(*) Ediff(%)(**) Actual % 
Difference
W PRM 3 41.90 43.30 1.40
6 37.50 41.40 3.90
13 36.30 36.40 0.10
W PDRM 3 24.80 25.10 0.30
9 6.01 7.37 1.36
10 2.92 11.10 8.18
STBENRM 1 28.10 28.40 0.30
2 -34.00 38.50 72.50
GTRM 2 10.40 18.60 8.20
3 26.50 28.70 2.20
5 12.40 12.50 0.10
6 13.10 13.30 0.20
10 28.30 28.50 0.20
UOSRM 1 17.80 18.80 1.00
2 2.72 12.00 9.28
2* 8.45 9.14 0.69
3 9.65 19.60 9.95
4 52.10 52.30 0.20
6 27.80 27.90 0.10
7 36.10 36.20 0.10
9 5.06 7.11 2.05
9* 2.12 7.02 4.90
10 13.00 15.40 2.40
10* 12.60 15.00 2.40
12 15.50 23.30 7.80
13 0.93 21.00 20.07
22 -0.10 33.60 33.70
24 26.50 26.50 0.00(***)
Note: Summary results are shown on Table 5.4.
(*) Ediff(%) as determined by equation (115)
(**) Ediff(%) as determined by equation (116)
(***) The -0.23% difference of one measurement has not altered 
the Ediff(%) as calculated by equation (116)
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The difference between Emd and Epdf values and the location of WP illuminance 
prediction/measurement points is shown on Tables A3a, A6a, AlOa, A13a, A19a, 
A20a, A21a, A22a, A26a, A27a, A29a, A30a, A34a, A36a, A37a, A37a*, A38a, A39a, 
A41a, A42a, A44a, A44a*, A45a, A45a*, A47a, A48a, A57a and A59a.
Equations (115) and (116) have been used to determine the Ediff(%) and the 
variation between these two methods is shown in Table 7.4. The significant 
differences occur in Rooms WPDRM10, STBENRM2, GTRM2, UOSRM2, 3, 12, 13 
and 22.
In the rooms where there were positive and negative differences in illuminance 
it is likely that spot replacement/cleaning of luminaires may have occurred. A ll 
of the surveyed sites adopted this practice but were unable in many instances to 
provide details of locations. It is appreciated that factors other than MF influence 
Emd and these will be examined later in this Chapter.
7.4.2 Reasons for Significant Differences
7.4.2.1 Room WPDRM10
There was some detectable hum from the control gear. The nominal axial SHR 
was slightly more than that recommended for UR = 0.7 although this did not 
influence the prediction of UR = 0.82. The furniture was arranged in a random 
fashion which placed several seminar chairs adjacent to a light coloured notice 
board on Wall "y". The averaging of wall reflectance in the AMAZON computer 
programme could be expected to produce inaccurate results for measurements 
close to large differences between actual and average wall reflectance. A small 
white board was adjacent to the end of the chalkboard on wall "b". These factors 
explain possible causes for the concentration of variation close to wall "x".
A general view of the room is given on Plate 5.10.
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7.4.2.2 Room STBENRM2
This is the only room where E(%), as Equation (117) was negative. There was 
evidence, by the detectable hum from the control gear and the discolouration of 
the diffuser, that maintenance was not of the highest quality. Although the 
caretaker confirmed that there had been no recent relamping. The negative 
difference in illuminance, as shown on Table A22a was distributed over the WP. 
The interior of all the St Benedict Biscop school classrooms were very different to 
those in the remainder of the survey. STBENRM2 was unusual since there were 
a considerable number of mobiles hanging from the ceiling. These can be seen on 
Plate 5.12. Many were constructed from highly reflective silvered paper which 
may have acted as a diffuser to the PP Single luminaires increasing Emd. It was 
impractical to measure the effective surface reflectance of the ceiling by 
considering the reflectance of the surface of the mobiles, although any allowance 
would generally increase the reflectance above the 0.25 used in the AM AZON  
programme. There were six other rooms with UF values below the 0.37 for this 
room although visually it was not a uniformly lit interior.
The wall surface reflectance was highly variable and this produced a generally 
dark surface close to the corner of walls "a" and "y". Emd was lower in this area.
7.4.2.3 Room GTRM2
There was a detectable hum from the control gear and the diffuser were 
discoloured and contained dead insects. During discussions with the caretaker 
there was some evidence that a recent re-lamping had occurred in this room.
This may explain the relatively high Emd under the 1.8 m long luminaire in the 
centre of the room. There were no areas of high reflectance adjacent to wall "y", 
as can be seen on Plate 5.14.
7.4.2.4 Room UOSRM2
The RI of 1.14 was not the lowest recorded in the survey, this was Room
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UOSRMIO with 1.12. The prediction of the inter-reflected component of 
illuminance by the AMAZON computer programme, as described in Chapter 6, 
is not able to adopt the approach of Plant and Archer (Plant and Archer, 1973) for 
the treatment of room corners. This may result in a loss of accuracy, particularly 
in small rooms. The published results by Carter and McEwan (Carter and 
McEwan, 1988a) show significant differences between Emd and Epd values in the 
corners of the Geology Building Room 309.
Wall "a" was the most reflective in the room having been recently re-decorated. 
The uniform predicted illuminance as shown on Table A37a has failed to 
consider the differences in wall reflectance, as described in Chapter 6. A view of 
the room is shown on Plate 5.17.
The measurements adjacent to wall "a" were < 0.50 m and would therefore not 
meet the requirements of the verification of lighting installation performance in 
the CIBSE Code for Interior Lighting (CIBSE, 1994). The inherent inaccuracy in 
the prediction programme used by Egger (Egger, 1988) gave lower illuminance 
values close to the walls than the measured values, and the transfer factors for 
inter-reflectance is a common features between the COPHOS and AM AZON  
programmes. In order to consider the effect of removing those Emd values close to 
the walls, Table A37a* has been produced. This shows that Emd exceeds predicted 
illuminance at two points with a maximum difference of -1.74%.
The wall reflectance value input to the AMAZON computer programme was 
less than the actual reflectance, due to constraints in the programme. This 
suggests that predicted illuminance will be lower than measured, with all other 
factors being identical.
7.4.2.5 Room UOSRM3
The areas of negative difference, as shown on Table A38a, are in the centre of the 
room towards wall "b". The measurement points in this region are directly 
under and almost directly under the luminaires. This is a source of error when 
compared to an Eav based on measurements at every intersection point of a 300 
mm square grid. There was some evidence from the care taking staff of lamp
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replacement in this room.
The average reflectance of the wall surfaces was pwtot = 0.54 and not the
pwtot = 0.50 which was the maximum allowed input to the AM AZON  
computer programme. This would result in a generally lower predicted 
illuminance. A general view of the room is given on Plate 5.18.
7A.2.6 Room UOSRM12
There was evidence of severely discoloured diffusers in this room although they 
were fitted to the luminaires in the central row and that row near wall "y". The 
luminaire in the corner of walls ""a" and "x" had a poorly fitting diffuser. It was 
not possible to re-fit this prior to measurement. The reflectance of wall "x" was
significantly above that of the other walls and the actual pwtot =0.56 was greater
than the pwtot = 0.50 input to the AMAZON computer programme. The 
measurement points close to wall "a" were 0.55 m and to walls "x" and "y" 0.59 
m. These distances are close to the 0.50 m minimum as recommended by CIBSE 
(CIBSE, 1994) to determine Eav. If these results were removed then E ^ ^ )  = 
19.5%. The general result in the majority of rooms surveyed.
7.4.2.7 Room UOSRM13
There were no obvious signs of poor maintenance. The column obstruction in 
the centre of the room may account for the negative values on the surrounding 
measurement points. Two of these measurements could be ignored if the 
obstructions within 0.5m of a measurement point were adopted (CIBSE, 1994). 
This would increase the Ediff(%) to 2.57% although would have little effect on the 
modulus of the difference. The averaging of wall reflectance in the AM AZON  
may also account for the significant negative differences adjacent to wall "a" 
which was the most reflective in the room. The average reflectance of the wall
surfaces was pwtot = 0.54 and not the pwtot = 0.50 which was input to the 
computer programme. It is possible that some relamping could have occurred 
although there was no evidence of this. A general view of the room is given on
2 0 0
Plate 5.21.
7.4.2.8 Room UOSRM22
There was evidence of severely discoloured diffusers in this room. This was 
particularly evident in the corner of the walls "a" and "y" where significant 
positive differences occur. The two luminaires close to wall "x" had recently been 
re-lamped and the diffuser to the luminaire which was also adjacent to wall "b" 
was poorly fitting. An attempt was made to re-fit this prior to measurement but 
there was some distortion to the diffuser. Some of the measurement points were 
close to the spacing of the luminaires which will influence the relative accuracy 
of the Eav as UOSRM3.
7.5 Accuracy of Other Surveys Comparing Measured and Predicted Illuminance
The results of the four comparisons between Emd and Epd values as described 
above are summarised on Table 7.5.
Slater suggests that an accuracy of ±10% "is likely to be sufficiently accurate for 
most practical design purposes" (Slater, 1989). Whereas Egger (Egger, 1988) 
considers the average of differences shown on Table 7.5 to be "extraordinarily 
good" and "sufficient to achieve in practice a sufficiently exact result in 
illuminance planning". Carter (Carter and McEwan, 1988a) suggests that ±10% is 
a reasonable accuracy for lighting designers.
The effect of obstructions in practical office interiors has been measured by 
Kajima (Kajima, et. al., 1986). Although the results of the working plane 
illuminance values, before and after the rooms were furnished, were not directly 
compared to predicted illuminance, a maximum reduction of illuminance of 
20% was recorded.
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Table 7.5 Comparison of relative accuracy adopted when comparing measured 
and predicted illuminance in interiors by Egger (Egger, 1988), Slater (Slater, 1989), 
Carter (Carter and McEwan, 1988a) and Bougdah (Bougdah and Carter, 1991)
Author Luminaire/Case
Description
Average (%) 
Difference (*)
Egger Batwing
Narrow
-2.86
-4.01
Slater Recessed Prismatic +11.00
Recessed Batwing -7.80
Recessed Opal +7.60
(No room surface sub-division)
Carter Thorn FTRA2675/
FTRE36 ±10.00
Bougdah Obstructed Case 1 +1.74
Obstructed Case 2 +4.05
Obstructed Case 3 +5.54
Obstructed Case 4 +4.06
(*) Negative values indicate that measured illuminance > predicted illuminance.
The rooms contained vertical obstructions above the WP.
A comparison of the percentage difference between Emd and predicted 
illuminance for the results from this survey and those included in Table 7.5 is 
shown on Figure 7.9.
The results from Bougdah have not been shown for clarity since they only differ 
by 3.8%. Boughdah obtained these results by the use of the computer programme 
developed by Carter and McEwan ( Carter and McEwan, 1988a). This programme 
differs significantly from the AMAZON computer programme in that it
2 0 2
considered the influence of obstructions. The interiors were relatively clean and 
the lighting system was new. Although it is to be expected that the AM AZON  
computer programme would show a greater difference between design and 
predicted illuminance than the results shown on Table 7.5, the difference in 
results shown on Figure 7.9 are substantial. The one negative result shown on 
Figure 7.9 is that for Room STBENRM2, which has been described earlier.
7 . 6  C o r r e l a t i o n  C o e f f i c i e n t :  P r e d i c t e d  a n d  M e a s u r e d  I l l u m i n a n c e
A simple linear correlation coefficient of percentage difference from average 
measured illuminance to predicted illuminance is shown on Figure 7.10.
This shows a positive correlation coefficient of 0.46 through the wide range of 
results. The result for Room STBENRM2 have been omitted due to the 
particularly unusual interior in this room. Figure 7.10 indicates that there is a 
proportional difference which could be subtracted from all predicted values 
which would reduce the percentage differences. This is shown as:
y = 9.5926 + 0.0602x (118)
Equation (118) has been applied to the data in Table 5.4 and this is shown on 
Figure 7.11.
7 . 6 . 1  A p p l i c a t i o n  t o  A l l  R o o m s
The application of Equation (118) to all the results does not attempt to determine 
specific modifications for individual rooms. Because the rooms are generally 
similar it does give an approximated conversion term for the measured and 
predicted illuminance values. The Sd for the corrected percentage difference 
from average measured illuminance is 17.73%. There are approximately 95% of 
all differences within ±35.5%. This compares well with the results of Plant and
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Figure 7.10 Correlation coefficient of percentage difference for average measured illuminance 
to predicted illuminance
+ve values show that measured illuminance is < predicted illuminance
y = 9.5926 + 0.0602x R = 0.46
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-ve values show that measured illuminance is > predicted illuminance
Predicted Illuminance (lux)
Figure 7.11 Corrected percentage difference results from Figure 7.10
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Archer ( Plant and Archer, 1973) who reported differences of mostly within 30%.
The percentage difference from average measured illuminance for all the 
predicted illuminance values has been determined using Equation (118). These 
results, as E(%), can then be can used to determine Emd from equation (117) as:
Epd ■ Efin
E(%) = ------------- * 100 (119)
Epd
Therefore:
Efa, = Epd- (E(%)*Epd)* 100 (120)
These results are shown in the column headed "E(Fm)" on Table 7.6.
7.6.2 Variance Bands
The variance bands of ±30% from Efm have also been determined and these are 
shown on Table 7.6. This shows that 72.4% of the measured illuminance values 
are within ±30% of the illuminance predicted by formula (118).
The distribution of the measured and predicted illuminance values and the 
±30% variance bands are shown on Figure 7.12.
Since formula (118) suggests that there w ill be an increasing percentage difference 
with an increase in predicted illuminance, when this applied to predicted 
illuminance as equation (120) there will be a maximum illuminance at the 
turning point of the function. Since there are only six rooms with predicted 
illuminance >600 lux the accuracy of formula (120) becomes increasingly difficult 
to assess.
When Equation (118) is applied to the contents of Figure 7.10 the relationship 
between the measured and predicted illuminance is as shown on Figure 7.13, 
with 72.4% of the measured illuminance values within the ±30% error band.
2 0 5
Table 7.6 Measured and predicted and formula calculated illuminance data
E(Act) E(Fm)E(Pred.) E(Fm-30%) E(Fm+30%) ±10% ±20% ±30%
349.64 137.40 24251 169.75 31526
346.6 14450 241.03 168.72 313.34
368 21250 251.17!
177.03!
175.82 32653
2315 82.451 123.92 230.14
342.6 14050! 239.08 16735 310.80
281.10440.9 28158 197.11 366.06
285.32451.09 109.63 199.73 370.92
343.6 175.12 23957! 167.70 311.44
13420! 217.17! 152.02 282.32
382.6 235.72 257.78 180.44 335.11
731.41 348.03 33920 237.44 440.%;: 
440.97 ~731.48 190.13 33920 237.44
557.3 41550! 221.81 411.93_____
750 498.00 L43 237.60 44126
236.34337.08 208.75 165.44 30725
366 235.2( 25025 175.17 32532
293 275.00 21321 149.25 277.18
22824321.12! 31220! 159.77 296.71
407.74! 26854 187.98 349.11
268.95408.73 188.27 349.64
169.17 269.05
274.001
408.96 188.33 349.76
435.37 27950 195.65 363.35
279.43 
31951! i
261.00;296.15 214.94 150.46
• 258.00!356.46 245.77 172.04
237.00! 235.38335.15 164.77 305.99
289.44 234.%334.31 164.47
292.83 255.42 213.12 149.18
453.00!583.4 32254 225.78 419.31
3225! 237.92 228.95 160.27 297.64
215.94374.38 254.09 177.86 330.32
324.03 241.70! 229.74 160.82 298.66
225.71 282.1944254 19753 366.85
30325! 330.71
135.17
375.05 25439 178.08
121.30; 103.981255 72.79
TOTALS
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Table 7.6 Measured and predicted and formula calculated illuminance data
1 ! ................................................................... 1
E(Pred.) jE(Act) E(Fm) E(Fm-30%) |E(Fm+30%) ±10% ±20% ! ±30%
2475] 22725 186381 130321 24195 l §
391.431 183.93 261.64 183.15 j 340.14 !§
448.7| 289.44 284.46 199.12 j 369.79
339.41 24825 23750 16625 j 308.75 §
486.7[ 30550 297.411 208.191 386.64 §
567.15} 283.00 319.111 22337 j 41434 !§
43333[ 41375 278.721 195.11 36234
216251 18430 16735] 117.15 21756 3
38851 23525 260371 18226 338.48 3
245.6 204.60 185.73 130.01 241.45 §
241.6 241.16 i8329| 12830 23827
534.6 29325 311271 217.89 404.65 3
610.7 255.75 32750' 22932 42538 §
54433 30875 313.74] 219.62 40737 3
525 32958 308.711 216.10 40133 3
554.63 255.43 31624] 221.37 411.12 §
505.1 237.75 303.06 212.14 393.98 §
6375 225.00 33159 232.18 43120
53434 22453 31120 21734 40456 §
1273 12620 10533 73.73 136.93 §
267.4 177.75 198.70 139.091 25832 §
538.19 378.47 31220 218541 40535 §
(t o t a l s 8: 51 6
Carried forward 9 9| 5
COMBINED TOTAL 17 14 11
Total >±30%) 16
%age j 27.6% 29.3% 242% | 18.9%
E(Pred.) = Predicted Illuminance by the AMAZON computer programme
E(Act) = Measured illuminance
E(Fm) = Illuminance predicted by Equation (118) shown on Figure 7.10
E(Fm-30%) = Illuminance at 30% <  E(Fm) |  j
E(Fm-30%) =  illuminance at 30% >  E(Fm) j
±10%, ±20% and ±30% = Variance bands f  [
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Figure 7.12 Predicted and measured illuminance
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Figure 7.13 Predicted illuminance as modified by Equation (118) 
and measured illuminance
+30% Error band
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7. 7 Individual Rooms
7.7.1 Greatest Difference Conditions
The room with greatest difference between measured and predicted WP 
illuminance is WPRM7 with 76.2%. This room contained severely discoloured 
diffusers, as Table 5.1 which may indicate poor maintenance, although the MF 
should account for some of this effect. The illuminance close to the walls are 
particularly low. The general features and furniture within the room as described 
on Table A 7 are similar to many other rooms.
The room which appears to give the best match between average measured and 
predicted illuminance is Room UOSRM22. Unfortunately this room contains 
positive and negative differences and this has been discussed earlier.
7.7.2 Luminaires Orientated in Two Directions
There are three rooms with linear luminaires orientated in two directions. These 
are WPDRM5 and 6 (See Plate 5.6), and UOSRM4. It is rather surprising that 
given specific recommendations (IES (London), 1973b; DES, 1967; CIBSE, 1991) 
there are not more wall washing luminaires lighting chalkboards. The average 
predicted illuminance in room WPDRM5 was 839 lux and in UOSRM4 was 750 
lux, the two highest average predicted illuminance values in the study. The 
AMAZON computer programme allows for luminaires to orientated in the ”x” 
or "a" directions as shown on Tables A15, A16 and A39.
Since the average difference between measured and predicted illuminance for 
rooms WPDRM5 and 6 was close to the overall average difference of 33.46% and 
that the UR's were reduced from 0.59 and 0.69 to 0.50 and 0.43 respectively, it 
would appear that there were no distinct differences in cause of the variation 
between the measured and predicted illuminances. The difference between 
measured and predicted illuminance for rooms UOSRM4 was 52%, although the 
luminaires exhibited signs of poor maintenance, as Table 5.1. The room
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contained fixed seating. The UR was similar for measured and predicted 
illuminance values indicating an ability of the AMAZON computer programme 
to compute WP illuminance variation.
7.7.3 Fixed Seating and Laboratories
Four of the rooms in the survey were furnished with fixed seating. These are 
rooms GTRM1 (See Plate 5.13) and 11, UOSRM4 and 24 (See Plate 5.23).
Room GTRM1 has a reduction in average illuminance between predicted and 
measured of 36.8% close to the overall average. There is also a typical reduction 
in UR in line with the average for the study. The damaged diffuser in the room 
would have increased illuminance and lowered the UR for measured values. 
This room was furnished with solid sided laboratory benches and this has
simplified the determination of floor cavity reflectance (pfc) (CIBSE, 1984). Since 
this^of the Spencer (Spencer, 1957) and O'Brien (O'Brien, 1966) type.
The fixed seating furniture in room GTRM11 was of the open bench type. This 
appears to have produced a significant difference between average predicted and 
measured illuminance. The UR has not reduced in the same proportion, 
although discolouration of some diffusers would lower average illuminance.
The percentage difference between average predicted and measured illuminance 
in room UOSRM4 is similar to that in GTRM11. In this room the UR is little 
different for the predicted and measured cases.
UOSRM24 has a difference of 26.5% between average predicted and measured 
illuminance. The measured UR is greater than the predicted UR, increasing from
0.31 to 0.41.
7.8 Percentage Differences
7.8.1 Negative Correlation Coefficients
The percentage differences shown on Tables Ala to A59a has been used to
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identify the percentage difference between predicted and measured illuminance 
as a function of measured illuminance and this is shown on Figures A lb to A59b 
in Appendix A. The correlation coefficients for these data sets has been 
determined and is shown on Table 7.7.
This shows that in general there is a negative correlation coefficient. This 
indicates that there are greater differences between predicted and measured 
illuminance at measurement points where the measured illuminance is low.
The points of low illuminance are generally around the perimeter of the room 
where the influence of walls and corners is most marked. The method of 
determination of the inter-reflected component by the AMAZON computer 
programme, as described earlier, is based on a three surface model. This approach 
does not have the advantage of the method used developed by Plant and Archer 
(Plant and Archer, 1973) to adjust the measurement cell size to the separation 
distance between them. Since the distance separating the point on the 
measurement grid and the wall surface is small and when considered as a 
reflecting areas the areas are in contact, this is likely to produce inaccuracies. The 
results here confirm that an inaccuracy of this type exists.
In addition the data also confirms that the inaccuracy is not confined to the areas 
of low illuminance. The results show that there is a general and consistent 
inaccuracy in the prediction process which extends across the room. There are 29 
rooms including WPRM1, 2, 4, 5, 7 and 9 where the highest measured 
illuminance point has a calculated percentage difference >30%. The results from 
Room UOSRM9* as shown on Figure A44b*, also confirm that differences 
between predicted and measured illuminance extend across the measurement 
grid to provide a negative correlation coefficient of -1.0. The measurement points 
in this room are in the central area of the room as shown on Table A44a*. There 
are 32 rooms in total where the correlation coefficient is better than -0.80.
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Table 7.7 Correlation cofficients for Emav and Epav; and average percentage
I difference and Emav for all measurement sets
Room No. | Epav:Emav Av.(%)Diff Room No. Epav.Emav Av.(%)Diff
; Corr. Coeff :Emav j Corr. Coeff :Emav
1 Corr. Coeff f Corr. Coeff
WPRM1 j 0 54 -0.75 UOSRM1 055i -0.12
WPRM2 j 056> 0.13 UOSRM2 0.85> -032
WPRM3 | 021 -0.93 UOSRM2* f................097 -0.96
WPRM4 j 0.82 -054 UOSRM3 0.81 -0.96
WPRM5 | 055 -0.7 UOSRM4 022 -052
WPRM6 | 055 -0.97 UOSRM5 j 0.89 -052
WPRM7 | 0.86 -054 UOSRM6 | 0.73 -053
WPRM8 j 0.44 -056 UOSRM7 [ -031 -0.95
WPRM9 I 0.78 -054 UOSRM8 j 023 -0.92
WPRM13 | 0.46 -0.91 UOSRM9 | 0.95 -059
WPDRM1 I 0.76 -059 UOSRM9* 0.49 -1
WPDRM2 j 0.74 -0.92 UOSRM10 059 -0.13
WPDRM3 | 0.47 -074 UOSRMIO* 0.44 02
WPDRM4 | 057 -058 UOSRM11 055 -052
WPDRM5 | 0.69 -073 UOSRM12 0.26 -0.79
WPDRM6 | 0.74 -074 UOSRM13 0.68 -052
WPDRM7 1 051 -05 UOSRM14 j 052 -0.76
WPDRM8 j 0.61 -057 UOSRM15 0.73 -0.92
OTDRM9 | 056 -035 UC«RMi6 0.61 -0.49
WPDRM10 | 0.66 -05 UOSRM17 [ 059 -0.68
STBENRM1 j 052 -053 UOSRM18 j 058 -057
STBENRM2 j 0.68 -051 UOSRM19 j 037 -0.78
STBENRM3 j 0.66 -055 UOSRM20 0.85 -0.77
STBENRM4 j 052 -059 UOSRM21 1 028 -0.87
GTRM1 | 0.38 -05 UOSRM22 j 035 -0.87
GIRM2 j 026 -0.7 UOSRM23 | 055 -0.73
GTRM3 | 0.67 -0.45 UOSRM24 f 057; 0.34
GTRM4 | 058 -0.92
GTTRM5 j 0.79 -05
GTRM6 j 0.91 -0.72
GTRM7 j 0.91 -056 f
GTRM8 j 0.94 -051! 1
GTRM9 j 0.23 -0.93
GTRM10 i 0.91 -0.94
GTRM11 | 0.72 -058 .
j
|
j
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7.8.2 Positive Correlation Coefficients
The three positive correlation coefficients are small compared to the negative 
correlation coefficients for the other 59 measurement sets. The results from the 
following rooms show a positive correlation coefficient:
7.8.2.1 Room WPRM2
This has a correlation coefficient of 0.13 which agrees well with the widely spaced 
data shown on Table A2b. This weakly positive result is based on a closely 
clustered set of illuminance values which give the sixth largest with the 
lowest measured difference of 48.9%. A general view of the room is given on 
Plate 5.1.
7.8.2.2 Room UOSRMIO*:
This has a correlation coefficient of 0.20 which agrees well with the widely 
spaced data shown on Table A45b*. This room contains positive and negative 
differences between predicted and measured illuminance and the influence of 
this on the accuracy of the prediction method has been discussed earlier in this 
Chapter.
7.8.2.3 Room UOSRM24:
This has a correlation coefficient of 0.34, which is the highest positive correlation 
coefficient for all the data sets, and agrees well with the widely spaced data shown 
on Table A59b. A general view of the room is given on Plate 5.23.
7.8.3 Predicted/Measured Illuminance
The percentage differences shown on Tables Ala to A59a has been used to 
identify the difference between predicted and measured illuminance and this is
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shown on Figures Albb to A59bb. The correlation coefficients for these data sets 
has been determined and is shown on Table 7.7. This shows that in general there 
is a positive correlation coefficient. This indicates that the prediction method is 
capable of determining the general increase and decrease in illuminance on the 
measurement grid as confirmed by actual measurement. The correlation is not as 
strong as that found in the average percentage difference data, described 
previously, with only 22 measurement sets having correlation coefficients better 
than 0.80. These results confirm the results shown on Table 5.4 that the 
prediction method consistently over-predicts the illuminance on the 
measurement grid.
The correlation coefficient for Room UOSRM7 is -0.31. This is the only negative 
correlation coefficient in the 62 sets of data. The results as shown on Figure 
A42bb are of a widely spaced set of data. This result suggests that the prediction 
method is incapable of determining the general increase and decrease in 
illuminance on the measurement grid. It is to be expected that one measurement 
set may not follow the trend set by all of the others.
7.9 Variations between predicted and measured UR as a function of SHR
The results shown on Figure 7.7 are not so disparate as those shown on Figure
7.8. The prediction method does not appear to be capable of accurately predicting 
the variation of illuminance across the measurement grid. The average predicted 
UR for all the measurement sets is 0.73 reasonably close to the recommended 
value of 0.80 (CIBSE, 1980 and 1984). The average measured UR for all the 
measurement sets is 0.53 and is significantly different to the recommended value 
of 0.80. There is poor correlation between measured and predicted UR as shown 
on Figure 7.14.
There is some clustering of results around the correlation coefficient = 1.0, 
although this has little influence on the overall coefficient. This confirms that 
measured UR is generally lower than that predicted.
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Figure 7.14 Correlation of UR for all measurement sets
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The variation of the predicted UR with transverse SHR contrasts with the results 
obtained by Carter (Carter and Bougdah, 1992) which showed that UR reduces as 
SHR increases for point source and linear luminaires. The interiors used by 
Carter (Carter and Bougdah, 1992) contained light standard obstruction furniture 
which is similar to the furniture found in the surveyed rooms. There were no 
obstructions above the working plane apart from the columns in Rooms 
UOSRM6 and 13. There does appear to be some consistency between the results 
shown on Figure 7.7 and those obtained by Carter (Carter and Bougdah, 1992) 
within the SHR range of 1.2 to 1.6 as the luminaires move toward an optimum 
spacing. This consistency is not apparent in the measured UR results shown on 
Figure 7.8.
At low SHR both measured and predicted UR falls, and this is in agreement with 
four of the Carter (Carter and Bougdah, 1992) results. The average predicted UR
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varies between 0.68 and 0.81 between SHR’s of 0.6 and 1.8. The average measured 
UR at SHR 0.6 moves to the overall average value of 0.53 between SHR's of 1.0 to 
1.6 and then increases. This suggests that the factors influencing a reduction in 
UR are more marked in small rooms.
7 . 9 . 1  T h e  I n f l u e n c e  o f  O t h e r  F a c t o r s  o n  U R  a s  a  f u n c t i o n  o f  S H R :  T h e  S e l e c t i o n  
o f  A  U n i f o r m  S a m p l e  ( S E T  X ) .
Although there are many similarities between the surveyed rooms, including 
rectangular plan forms, parallel ceiling, floors and WP's, regular spaced linear 
luminaires, there are certain differences. These include those rooms:
1. Containing linear luminaires orientated in two directions. Rooms WPDRM5 
and 6 (see Plate 5.6), UOSRM 4.
2. Containing recessed luminaires. Room UOSRM13 (See Plate 5.21).
3. Having large positive and negative differences between measured and 
predicted WP illuminance, as described earlier. See. Table 7.4. Rooms 
WPDRM10 (See Plates 5.9 and 5.10), STBENRM2 (See Plate 5.12), GTRM2 (See 
Plate 5.14), UOSRM2 (See Plate 5.17), 3 (See Plate 5.18), 12,13 (See Plate 5.21) 
and 22.
4. Provided with fixed furniture and seating. Room GTRM1 (See Plate 5.13) and 
11, UOSRM4 and 24 (See Plate 5.23).
5. Where the correlation coefficient for Percentage Difference and 
Predicted/Measured Illuminance does not follow the general trend for all 
other measurement sets. Rooms WPRM2 (See Plate 5.1), UOSRM7, 9*, 10* 
and 24.
6. Rooms containing structural columns. Rooms UOSRM6 (See Plate 5.19) and 
13 (See Plate 5.21).
When the results from these 19 rooms is removed from the 62 measurement 
sets it is possible to identify any differences and also consider the effects of a 
reduced set of variables. This will be identified as "SET X". This reduced set of 
variables include the influence of room surfaces on inter-reflection and
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furniture. To these variables must be added the influence of maintenance, the 
accuracy of the measurement method and the inherent inaccuracies of the 
AMAZON computer programme which apply to the results of Figures 7.7 and
7.8.
The Variations between predicted and measured UR as a function of SHR for the 
SET X are shown on Figures 7.15 and 7.16.
These show a marked consistency with the results shown on Figures 7.7 and 7.8. 
This suggests that the influence of the factors, as listed above when selecting SET 
X, are not significant when considered across the total measurement sets. These 
results also indicate that there is a significant difference between measured and 
predicted UR within interiors which comply with the requirements of the 
Lumen Method of artificial lighting design. The consistency of results between 
SET X and those for the total measurement set mean that the comments above 
concerning the Carter (Carter and Bougdah, 1992) results also apply. This 
consistency of result also applies to the correlation of measured and predicted UR 
as shown on Figure 7.17.
7.10 Summary
The comparison of the measured and predicted results as described in this 
chapter has identified the following factors:
1. The extent and relative accuracy of the survey, as determined by the 
number of measurement points, compares well with other surveys in real 
interiors. See Table 7.1.
2. The matching of measured and predicted WP illuminance which has been 
achieved by Slater (Slater, et. al., 1987, Slater, 1988 and 1989), Egger (Egger, 
1988) and Carter (Carter and Bougdah, 1992) is not a feature of this study.
It is appreciated that both of these studies use computer programmes
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Figure 7.15 Variation in predicted UR as a function of SHR for SET X
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Figure 7.17 Correlation of UR for SET X
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which are different to the AMAZON programme. However the AMAZON  
programme uses sound calculation methods which have been accepted as 
good practice ( Phillips and Prokhovnik, 1960; IES (London), 1967 and 1968; 
CIBSE, 1980 and 1984;)
3. The studies by Slater (Slater, 1989) Egger (Egger, 1988) and Carter (Carter and 
McEwan, 1988a) were carried out in interiors with new lighting installations, 
which simplifies the prediction of maintenance related effects. This was not 
the case in this study. The use of MF (IES (London), 1967) based on LDL's 
would be expected to produce measured illuminance values > predicted 
(Slater, 1989). This has not been shown here where measured illuminance 
values are consistently below those predicted.
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4. The calculation of an alternative percentage difference modulus to that 
proposed by Bougdah (Bougdah and Carter, 1991) and Slater (Slater, 1989), 
between measured and predicted illuminance has identified eight rooms 
where significant differences exist. These differences are due to practical "as 
found" factors.
5 The percentage differences between predicted and measured illuminance as a 
function of measured illuminance have been determined. The correlation 
coefficients for/have also been determined and this shows that in general 
there is a negative correlation coefficient. This indicates that there are greater 
differences between predicted and measured illuminance at measurement 
points where the measured illuminance is low.
The results also show that there is a general and consistent inaccuracy in the 
prediction of illuminance which extends across the room.
Although there are three measurement sets which show a positive 
correlation coefficient the results are widely spaced.
6. The correlation between predicted and measured illuminance has been 
determined. This shows that in general there is a positive correlation 
coefficient. This indicates that the prediction method is capable of 
determining the general increase and decrease in illuminance on the 
measurement grid as confirmed by actual measurement. This result was 
expected since a failure in this regard would indicate a major flaw in the 
AMAZON computer programme.
7. The predicted UR is consistently higher than the measured UR. This contrasts 
with some of the results by Carter (Carter and Bougdah, 1992) although the 
slight increase in UR as the luminaire approaches an optimum SHR is 
common. The measured UR shows more variation than the predicted UR 
and the characteristic curves are of different shape. See Figures 7.7 and 7.8.
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8. In order to consider the influence of measurement sets with six different 
characteristic's the variation of UR with SHR for measured and predicted 
values was considered for 43 measurement sets. This is termed "SET X". The 
results from SET X are consistent with those from all the measurement sets. 
This indicates that there is a more general effect which is causing the 
difference between measured and predicted illuminance.
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8. FACTORS RELATING TO INACCURACY BETWEEN MEASURED AND  
PREDICTED ILLUMINANCE
8.1 Maintenance and Light Loss
Chapter 5 describes the reported cleaning interval as 6 months for all the rooms 
in the survey. This, together with the categories of fitting and room, the 
influence of intensity distribution and room index, and wall reflectance have 
been used to determine the MF in accordance with IES Technical Report No.9 
(IES (London), 1967). The results for all the rooms are given in Table 6.3.
This approach to the consideration of maintenance aspects of artificial lighting 
installations is limited to the nominal 2000 hours used for LDL calculation. The 
later (CIBSE, 1984) LLF would allow for the initial lumen output of the lamps to 
be modified to take account of the number of burning hours of the lamp. This 
facility was not readily available for the AMAZON computer programme. Even 
if the facility to include the LLF was available the caretaking/maintenance staff 
could supply no information on the burning hours of the lamps in the rooms.
The average %age difference between the average predicted and average 
measured illuminance, as shown on Figure 7.9, is 33.46%. This reduction could 
be explained by reference to the Lamp lumen depreciation (Lowry and Mager, 
1949) and Fittings depreciation curves of IES Technical Report No.9. These are 
shown as Figures 8.1 and 8.2.
The enclosed diffuser luminaire, having a fitting category of C /D , as Table 6.2, 
shows the greatest reduction in light output, as shown on Figure 8.2. This gives 
an approximate reduction of 30% in light output for a cleaning interval of 12 
months. The lamp lumen depreciation for the T12 lamps found in the survey, 
category 3 of Figure 8.1, shows a reduction of approximately 20% at the end of the 
effective lamp life. These factors could provide the average %age difference 
between the average predicted and average measured illuminance of 33.46%.
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Figure 8.1 Lamp lumen depreciation categories
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However in order for this to apply the cleaning interval given by the caretaking 
staff must be substantially incorrect as must be the LDL's for the lamps. The 
illuminance predicted by the AMAZON computer programme is based on the 
MF, as shown on Table 6.3. These results, whilst calculated in accordance with 
the method specified in IES Technical Report No.9 (IES (London), 1967), do little 
to challenge the commonly accepted view that for most interiors an MF of 0.8 is
223
acceptable.
The approach proposed by DiFraia (DiFraia and Salemme, 1988 and 1989) would 
modify the cleaning and lamp replacement intervals to give equi-maintained 
illuminance. In this way the maintenance factors carry the highest weighting for 
the reduction in WP illuminance. For this to apply to real interiors the 
maintenance regime would need to be based on initial and regular illuminance 
measurements over the WP. This procedure was not adopted in this study.
The adoption of an MF based on the actual cleaning interval of the fitting/room 
surfaces and assuming the life of the lamps as 2000 hours, it would be expected 
that for a significant number of rooms the average measured illuminance would 
be greater than that predicted, as Slater (Slater, 1989). This did not occur. This 
could mean that maintenance and lamp replacement is not in accordance with 
the information supplied by caretaking/maintenance staff and/or the contents of 
IES Technical Report No.9 are inaccurate. Whilst it is likely that the maintenance 
and lamp replacement intervals may not be accurate the general shape of 
depreciation curves for lamps, luminaires and interior surfaces has remained 
similar for the LLF method (CIBSE, 1984) and for the maintained illuminance 
approach (CIBSE, 1994).
The lack of information concerning the burning hours of the lamps and the 
possibility of variability in the cleaning interval for lamp, luminaire, and room 
surfaces, is an inherent part of the "as found" characteristic of the surveyed 
rooms. Although there is a reasonable method for the prediction of maintenance 
effects (IES (London), 1967) the factors which influence them are very difficult to 
accurately determine in practice.
Since the line voltage to the luminaires was continuously monitored during 
each survey, and all of the measurements were ±2% of 220 Volts a.c., the lumen 
output of the lamps was assumed to comply with the manufacturers data.
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8.2 Measurement Accuracy
8.2.1 Measurement Points
The number of measurement points for each of the surveyed rooms has been 
related to the RI of the room using the proposals of Carter (Carter and Sexton, 
1988b; Carter, et. al., 1989b). This method of increasing the number of 
measurement points brings with it increased accuracy compared with that 
recommended by the CIBSE (CIBSE, 1984). The accuracy, related to a 300 mm 
square array of measurement points across the WP, is shown on Table 5.2. The 
worst case of 9% applied to Rooms WPDRM9 (6% E^), GTRM7 (23.9% E ^ ) and 9 
(42.2% E^f), UOSRM3 (9.65% E^f) and 7 (36.1% E^) and has not produced large 
Ediff results. The measurement of WP illuminance in the rooms was not only for 
comparison with the design recommendations but also to assess the ability of the 
AMAZON computer programme to predict the measured illuminance.
Therefore the number of points on the measurement grid was only critical for 
the first of these comparisons since the latter could have been based on an 
arbitrary spacing grid of at least a im  square grid, as Carter (Carter and McEwan, 
1988a).
The average relative accuracy, using the values in Table 5.2 is better than 6.71%. 
There are six rooms where the relative accuracy is <5%, although for the 
calculation of average relative accuracy this has been assumed to be 5%.
Although the 5% relative accuracy compares well with that recommended for 
lighting surveys (CIBSE, 1984), the two laboratory based surveys carried out by 
Slater (Slater, et. al., 1987; Slater, 1989) and Egger (Egger, 1988) used measurement 
grids of 0.52 x 0.485 m and 0.44 x 0.66 m respectively. The resulting 169 and 100 
measurement points would provide relative accuracies of *  1% and -2% 
respectively. There are practical constraints to be considered when carrying out 
the measurements as described in this study. The need for accuracy and 
practicality has influenced the decision regarding the number of measurement 
points in each room surveyed. The approach adopted here compares well with
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the surveys carried out by Carter (Carter, 1984) and Loe, Rowlands and Mansfield 
(Loe, et al., 1986), as shown on Table 7.1.
8.2.2 Measurement Practice
The equipment used to carry out the illuminance and luminance 
measurements, as described in Chapter 4, were regularly checked for calibration. 
The manufacturers recommendation of annual re-calibration for the 
illuminance meter was reduced to approximately 6 monthly interval with the 
recorded errors less than 5%. The luminance meters were returned to the 
manufacturers twice during the measurement period and the recorded errors 
were less than 5%.
There is a need to consider the effect of random variables, due to the 
measurement process, on the measured illuminance. This study is concerned 
with the "as found" condition of the rooms and it is appreciated that returning to 
the rooms at a later date to carry out repeat measurements would produce a new 
set of measurements. This could be influenced by cleaning and/or relamping 
during the time between initial and repeat measurements. However in order to 
quantify the random variables associated with the measurement process 12 of the 
surveyed rooms were re-measured within seven days of the initial 
measurements. This produced variations of <5% and compares well to the 
variations of repeat measurements found in subsequent surveys (Cook and Hill, 
1993).
8.3 Reflectance
8.3.1 Barium sulphate white surface
The use of a white reflectance surface of barium sulphate was considered to be a 
practical method since the luminance of all room surfaces was to be measured.
The Hagner luminance meter was used to determine the luminance of the test
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surface and that of the barium sulphate white surface in the same position. 
These results and the measured reflectance of the barium sulphate allow the 
reflectance of the test surface to be determined. Colorimetric and 
spectrophotometric measurements of the barium sulphate white reflectance 
surface involved the use of a Beckman ACTA M-Series Spectrophotometer 
(Beckman, 1985) and the Hunterlab Tristimulus Colorimeter Model D25M-9 
(Hunterlab, 1986; Hunter, 1963). The results are shown on Table 8.1 and Table C l 
and Figure Cl in Appendix C.
This equipment was also used to determine the reflectance of a set of 11 No. 
sample cards painted in a range of colours. A general description of the colour 
samples in given in Table 4.1. The results of the colorimetric and 
spectrophotometric measurements of the sample colour cards used for this study 
are shown on Tables C2 to C12 and Figures C2 to C12. A summary of the test 
results is given in Table 8.1.
8.3.2 The HunterLab Tristimulus Colorimeter
The HunterLab Tristimulus Colorimeter uses filters to select light at specific 
wavelengths which then falls onto a surface. The instrument then compares the 
reflected flux with the incident flux. The filters used in this colorimeter are 
intended to give direct readings in as the Hunter L,a,b colour solid (Hunterlab, 
1986). These are then converted within the colorimeter to provide direct readings 
of the CIE tristimulus values. For this study the "Y" is of interest and these 
values are shown as HunterLab "Y" at the bottom of Tables C2 to C l2. Table 8.1 
shows that all of the colour samples were measured in the HunterLab 
colorimeter six times and the mean of these readings is shown. This was carried 
out during the initial stages of the study.
8.3.3 The Beckman ACTA M-Series Spectrophotometer
The Beckman ACTA M-Series Spectrophotometer was later used to determine
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Table 8.1: CIE irY" from HunterLab Colorimiter for samples Nos. 1 to 11
i ! i i i I
Sample | Measurement Sequence j | j [ |
No. i 1st 1st 2nd [2nd [3rd !3rd [Mean [Beckmn Diff
tt j j j j j Refltnc
j (%) (%) | (%) [(%) [(%) | (%) [(%) [(%) (%)
11 70.05 70.05 70.25| 70.26| 70.351 7035| 70.22 73.78 356
i 1 j
21 7433 74.32 74.38[ 74.37[ 74.26 7426j 74.32 79.83 551
t....... 1........ | |
3| 81.06 81.05 81.051 81.04 81.02 81.02 81.04 86.98 5.94
1S f
41 40.6 40.58 40.66[ 40.65 40.44 40.431 4056 45.13 457
1
5| 74.47 74.47 74.481 74.48 74.21 7421 74.39 80.99 6.60
;t [
6? 54.8 54.79 54.79[ 54.79 54.571 54561 54.72 60.69 5.97
1
f .........1.........
71 91.21 91.21 91.12 91.11 90.97 90.97 91.10 97.32 6.22
..............i ...............
1 j 1 1
8j 64.67 64.67 64.6 64.6 64.49 64.49 [ 6459 73.99 9.40
1
9\ 68.63 68.65 68.65 [ 68.65 6854 6855 68.61 75.06 6.45
1f j I
10) 8724 87.23! 87.03) 87.03 86.4 86.41 86.89 94.88 7.99
■" 1 r™ n 1 1 i 1 ....
Ilf 79.34 79.33; 79.291 79.29 782 78221 78.94 86.2; 7.26
i
i j
Stndrd. [ 96.31 963; 96.36[ 9637 96.29; 9629] 96.32 98.49 2.17
Refit. I {
i ........1 i j |
Notes: [ ........ t........., j ;
Stndrd. 1 Refit. = Reflectance of barium sulphate white surface
Beckmn I Refltnc = Reflectance determined by the Beckman spectrophotometer
See Tables Cl to C12 and Figures Cl to C12 in Appendix C \
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the total reflectance of the samples between 380 and 770 nm. A 152.4 mm 
diameter integrating sphere attachment, as described by Chamberlin and 
Chamberlin (Chamberlin and Chamberlin, 1980) and Wright (Wright, 1969), was 
required and provided a double beam reflectance measurement for the 11 colour 
samples and the barium sulphate white surface. The measured reflectance of the 
sample was recorded at 10 nm intervals and is shown on Figures C2 to C12. Since 
for this study only the reflectance of the colour samples is of interest, this 
measured reflectance must be converted to a standard measurement of 
reflectance. The CIE (CIE, 1971) method of interpreting colour measurements is 
an international method and has been used here. Luminance of a sample colour 
is defined by "Y", one of the tristimulus values in the CIE method. The 
distribution coefficients for "Y" are shown in the column headed 'CIE."Y" 
Conversion’ of Tables C2 to C12. The product of the measured reflectance and the 
distribution coefficients, when summated, gives the CIE "Y" tristimulus value or 
reflectance of the sample.
8.3.4 Differences in measured reflectance
The percentage difference between the Beckman spectrophotometer and the 
HunterLab colorimeter CIE "Y" values are shown on Table 8.1. There is an 
average difference of 6.3% with an Sd of 1.58%. It is recognised that the accuracy 
of the HunterLab colorimeter is dependant on the filters together with constant 
calibration and maintenance (Chamberlin and Chamberlin, 1980). Although 
spectrophotometric measurements are likely to be more accurate, the relative 
difference between them has been shown here to four significant figures. This 
uses the data from the HunterLab colorimeter but the readings from the 
Beckman spectrophotometer were on chart paper. Four figure significance is an 
indication only. The measurement geometry of the instruments and the 
directional characteristics of the samples influence the differences in measured 
reflectance.
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The results from the spectrophotometric measurements compare verv well with 
the reflectance given by the paint manufacturer as shown on Table 8.2:
Table 8.2 Comparison of reflectance for colour samples 2,4,6 and 11.
Sample No. Reflectance
(Manufacturer)
(%)
(Beckman)
(%) (%)
Difference
2
4
6
11
81.0
46.0
62.0 
86.0
79.83
45.13
60.69
86.20
-1.17
-0.87
-1.31
+0.20
Differences of this magnitude for the colour samples are unlikely to 
fundamentally affect the flow of light within the rooms considered in this study. 
The white barium sulphate surface reflectance was used to measure the 
reflectance of all surfaces in this study. The eleven colour samples were used as a 
check to these measurements. The HunterLab colorimeter results were used for 
this purpose. This has underestimated the true reflectance characteristics of the 
rooms and thereby reducing the illuminance predicted by the AMAZON  
computer programme. This will reduce the difference between the measured and 
predicted illuminance since the real interior would have been unaffected by the 
use of the HunterLab results. Although this condition applies there are 
significant differences between measured and predicted illuminance.
Further reflectance measurements were carried out as part of an investigation 
into the influence of changes to the floor cavity on WP illuminance. This will be 
reported in Chapter 9.
8.4 Floor Cavities
The fixed seating, as discussed in Chapter 7 appears to have had little effect on 
the overall difference between the average measured and average predicted
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illuminance on the WP. The furniture which was found in the surveyed rooms 
and shown on Plates 5.1 to 5.23 is generally of an open relatively lightweight 
form. The exception is the furniture provided for Room GTRM1, shown on Plate 
5.13. This room is furnished with traditional fixed laboratory benches. Both of 
these furniture types will influence the characteristics of the floor cavity region. 
The fixed benches in Room GTRM1 will provide a ficticious floor similar to that 
described by Spencer (Spencer, 1957) and O'Brien (O'Brien, 1966). This is shown 
on Figure 2.4. This ficticious floor is positioned at the height of the WP and will 
have a reflectance which is influenced by the reflectance of the upper surfaces of 
the laboratory benches and the cavities between them. The method of calculation
of equivalent reflectance (peq)) is described in Chapter 1 and uses Equations (17), 
(18) and (19). This method has been adapted to meet the design method proposed 
by the CIBSE (CIBSE, 1984) for the determination of the effective reflectance of a
floor cavity (pfc). This method has been applied to all of the rooms surveyed in 
this study, although the nature of the open sided furniture has meant that the 
walls of the cavity does not comply with the general description of the floor 
cavity, as shown on Figure 8.3, proposed by the CIBSE (CIBSE, 1984).
The work of Phillips and Prokhovnik (Phillips and Prokhovnik, 1960) as 
described earlier concerning inter-reflections within rooms could also be applied
to determine the equivalent reflectance (peq)) of a cavity. This is given as:
P w fc(A :/A  tot)
Pe, = --------------------  (121)
1 " pwfc(l " [Ag/AtcJ)
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Figure 8.3 General arrangement of a floor cavity
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cavityw
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This formula, as that derived by Spencer (Spencer, 1957), and O’Brien (O’Brien, 
1966) is applicable to infinitely long cavities where end effects can be ignored. The 
earlier work of Moon and Spencer (Moon and Spencer, 1946a and 1946c) and the 
subsequent work of Phillips and Prokhovnik (Phillips and Prokhovnik, 1960), 
O'Brien (O'Brien, 1967) and DiLaura (DiLaura, 1979, 1981 and 1982), and others 
which was concerned with the inter-reflection within rooms could also be 
applied to the cavities as generally described by Figure 8.3.
In the rooms which are included in this study the floor cavity region can be 
assumed to occur between rows of desks or study chairs, as Figure 5.7 and 5.8.
Since the length of the cavity region is great compared to the width and height of 
the cavity it could be considered as infinitely long. In this study the reflectance of 
the floor was measured and the walls of the floor cavity were assumed to be 
either the reflectance of the laboratory desk sides for Room GTRM1, or the 
wall/chair reflectance for the open sided furniture in all other rooms.
The obstructed nature of all the rooms surveyed will also influence the UR. 
Although the predicted UR is consistently higher than the measured UR, 57 of
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the surveyed rooms contained no obstructions above the working plane unlike 
the results of Carter (Carter and Bougdah, 1992) and Siminovitch (Siminovitch, 
et. al., 1987).
The influence of the floor cavity is the subject of further investigation in Chapter
9. This investigation considered the influence of changes to the floor cavity on 
WP illuminance.
8.5 The Calculation and Use of Utilisation Factors as CIBSE TM5
The AM AZON computer programme uses the utilisation factor data as produced 
in accordance with CIBS TM5. This is an industry standard approach to the 
prediction of indirect illuminance and has been described in Chapter 6. All of the 
luminaire photometric data as Tables B1 to B12 in Appendix B, has been 
produced in accordance with BS 5225 (BS, 1975) which is a pre-requisite to the 
application of TM5. The photometric data has been stored and used in the 
AMAZON computer programme.
There are several factors which will influence the accuracy of the TM5 method to 
predict horizontal illuminance on the WP. These factors have been adopted for 
practical reasons and include the following:
8.5.1 BS 5225
BS 5225 requires that the photometric data is measured over an optical path 
length of at least five times the largest luminous area of the luminaire. Over this 
optical path length the photocell will "see" the luminaire and the inverse square 
law can be applied to the intensity values. In the rooms which form part of this 
survey the distance between WP and the plane of the luminaires was not five 
times the largest luminous area of the luminaire. Therefore the inverse square 
law could not apply. Although many of the rooms were of sufficient size for this 
to apply to certain luminaires this was not a general case.
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8.5.2 CIBS TM5
TM5, using the photometric data in accordance with BS 5225, assumes that all 
luminaires are point sources with symmetrical intensity distributions about the 
vertical axis. This was not the case for all of the luminaires included in this 
study. Whilst it is recognised that this will influence accuracy it is considered to 
be only a "slight" influence (CIBSE, 1980). In practice the variation in intensity 
distribution, as shown on Figures B2a, B5a to B7a, BlOa and B12a in Appendix B, 
for six of the linear fluorescent luminaires found in this study, will produce 
variations in illuminance as shown on Figures B2b, B5b to B7b, BlOb and B12b. 
The use of this data would improve the accuracy in the prediction method since 
it would use the intensities measured at 5° intervals in elevation and 30° 
intervals in azimuth which are currently being measured by the manufacturers 
as part of the requirements of TM5. The intensities are averaged in TM5 for 10° 
intervals in elevation and 45° intervals in azimuth respectively. This more 
accurate data has been used by Slater (Slater, 1989), although this study was 
concerned with new lighting installations and unobstructed interiors. Luminaire 
data is also available in standard electronic format from manufacturers (CIBSE, 
1988).
The zonal multipliers (ZM) used in TM5, and described in Chapter 6, to 
determine the Distribution Factors are circular. This relates to the assumption 
that luminaires are point sources and also simplifies the calculation method.
The true shape of the ZM  should be that which corresponds to the iso­
illuminance contours shown on Figures B2b, B5b to B7b, BlOb and B12b.
The UR determined by TM5 assumes that there will be no contribution from 
inter-reflected light although there is, through the adoption of a 4 x 4 square 
array of luminaires, an acceptance that uniformity is representative of the central 
region of a practical lighting installation. Since the inter-reflected component of 
illuminance is ignored it is assumed that uniformity will be under-estimated. In 
practical lighting installations it is expected that uniformity will exceed that
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predicted by TM5. This did occur in five of the rooms included in this survey 
although for the remaining 54 rooms (91.5%) this did not occur. The luminaires 
in all of the rooms were regularly spaced, although Room UOSRM2 has only one 
row of luminaires.
8.5.3 Re-entrant Comers
There are seven rooms, Rooms WPDRM1 and 2, STBENRM1, 2 and 3,
UOSRM11 and 12, which are not rectangular since they contain re-entrant 
corners. This room shape has implications for the number of measurement 
points required to produce a required accuracy (CIBSE, 1984). The relative 
accuracy shown on Table 5.2 assumes that the rooms are rectangular and this will 
reduce the accuracy of the measured and predicted UR for these rooms.
8.5.4 Uniform Diffuse Reflectance
In this study the room surfaces have not been of uniform diffuse reflectance 
which is assumed in the TM5 method. The differences in surface reflectance is 
well illustrated by Plates 5.11 and 5.12, showing the interiors of Rooms 
STBENRM1 and 2 respectively. The surface reflectance for each room surface has 
involved the measurement of surface reflectance, as described earlier. Areas of 
different surface reflectance have been area weighted to provide an average 
surface reflectance for all of the room surfaces. This will affect the determination 
of the inter-reflected component of illuminance, particularly close to walls and 
room corners. The AMAZON computer programme uses a three surface model, 
therefore the wall reflectance is a source of inaccuracy in the prediction method.
The assumptions in TM5 concerning room dimensions, luminaire spacing and 
positioning and that floors or WP's are horizontal is true for this study.
8.6 The "as found" factors
There is a considerable variation in the difference between measured and
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predicted illuminance for the rooms in this study. Although the condition of the 
room, the "as found" condition, was used as data in the AMAZON computer 
programme. These results are summarised on Table 5.2. There are features of the 
"as found" condition which require further examination.
In particular the reflectance, including equivalent and effective reflectance, 
associated with furniture and decoration in the rooms. This has been determined 
as an average for the room surfaces, whereas many of the interiors contain 
significant differences in surface reflectance due to notice and chalk boards, 
posters and bookshelves. Although the survey measurements have taken these 
features into account their combined effect is not clear.
Although the maintenance regime for the rooms has been applied through the 
MF to the AMAZON computer programme in accordance with recommended 
practice (IES (London), 1967) the specific details of hours burning and time 
interval after cleaning for each room could not be determined. Since the survey 
is of an "as found" condition then the difference between predicted and 
measured illuminance could be explained by substantially reducing the MF. This 
could offer an explanation for part of the difference, but this approach would 
ignor other factors.
There have been studies of the effect of furniture on WP illuminance (Briggs, 
1984; Egger 1984; Siminovitch, et. al., 1987; Carter and Bougdah, 1992) although 
all of these have been carried out in interiors with obstructions above the 
working plane. The rooms examined in this study have no similar obstructions 
although they show a marked variation in UR which is a feature of vertically 
obstructed interiors (Egger, 1984; Carter and Bougdah, 1992). The recommended 
treatment of the effect of floor cavities (CIBSE, 1984) is not directly applicable to 
open sided furniture, as commonly used in classrooms.
In order to consider these factors a further examination, called "The Sports Hall 
Experiment" was carried out. This is described in Chapter 9.
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9. THE SPORTS HALL EXPERIMENT
9.1 Introduction
This experiment has been discussed in Chapter 8 and some of the results have 
been published (Cook, 1992). The objective is to determine the effects of changes 
within a floor cavity on the horizontal working plane illuminance of a room. 
The floor cavity to be examined will be occupied by classroom furniture of an 
open tubular type, which is similar to the furniture found in other rooms which 
are part of this study, see Figure 5.22. Since the reflectance of the floor covering 
will influence the equivalent reflectance of the mouth of a floor cavity, the floor 
carpet reflectance has been measured as for the coloured reference cards described 
in Chapter 8.
The room chosen for this experiment was the main playing area of the sports 
hall at the University of Surrey. It has been established that floor cavities can 
have a marked effect on horizontal WP illuminance (Spencer, 1957; Phillips and 
Prokhovnik, 1960; O'Brien, 1966; CIBSE, 1984; Carter and Sexton, 1988b,). Where 
the solid sides and the floor of a floor cavity have a low reflection factor this will 
provide a low equivalent reflection factor at the mouth of the floor cavity.
Where the mouth of the floor cavity is in the same plane as the WP then the 
reflectance of any furniture, desk, etc. will determine the effective reflectance of 
the WP. Although this method, as illustrated by Figure 2.4 and Figure 8.3, can be 
determined for solid sided cavities many of the cavities found in this study were 
of an open sided type. This experiment is concerned with determining the effect 
of such a cavity. In this way the experiment will test the validity of a 
mathematical method (CIBSE, 1984 and Spencer, 1957) of quantifying this 
influence. In order for the floor cavity to be examined the only changes to the 
room during the experiment were those which affected the geometry and 
reflectance of the floor cavity.
The Sports Hall was chosen because it is temporarily converted from a Sports 
Hall into an examination room during the summer of each academic year. This
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conversion is achieved by the laying of a carpet over the existing timber sports 
hall floor and furnishing the room with open tubular desks and chairs.
9.2 Surveying the Sports Hall
The survey was carried out as described in Chapters 3 and 4. for all the other 
surveyed rooms. A standard form, as Table 3.2, was completed for the Sports 
Hall. The results of the survey are shown on Table 9.1. This experiment was 
specifically concerned with the influence of the floor cavity on working plane 
illuminance. A range of other measurements were taken during the survey.
9.2.1 Geometry and Luminaires
The geometry of the room and the configuration of the lighting installation was 
accurately measured before any illuminance measurements were carried out. 
Details are shown on Figure 9.1. The 0.75 m height of the working plane was 
determined by the height of desks which were to be positioned over the floor 
area of the sports hall. This allowed the Room Index (RI) of 1.55 to be 
determined. Details of the furniture and the desk cavity are shown on Figure 9.2.
Room geometry will influence the number of illuminance measurement points 
required for a specific accuracy when determining average illuminance, as 
discussed in Chapter 4. 18 No. measurement points would give an accuracy better 
than 5% (CIBSE, 1984) although Carter (Carter, et. al., 1989b) proposes that this 
should be increased to 47 measurement points. In order to maintain an accuracy 
of measurement of better than 5% a 13 by 5 point grid was used to give 65 No. 
measurement points. These are spaced as Figure 9.1.
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Table 9.1 Survey details of the Sports Hall
Room
Actual Room Number: Main Hall pwa = 0.43 pc = 0.25
Ceiling Height: 8.56 m pwb = 0.43 pf = 0.51 (Boards)
Chalkboard: None pwx = 0.43 pf = 0.11 (Carpet)
Notice Board: None p^y = 0.43 pwtot = 0.43
Furniture: Open sided desks in regular positions
Desk/Working Plane Height = 0.75 m RI = 155
Reflectances
Pecc ~ 0.25
Pfc ss see Tables 9.4, 9.6 and 9.7 
pwtot = 0.43
Luminaires
Ref. No.: None
Manufacturer/Ref. No.: GEC/Osram Harrier HR400M (BZ1)
Size (Nominal): 0.6 m x 0.36 m
Mounting Height: 7.81 m
Number of luminaires = 30
Lamps per Luminaire = l(Type: MBF 400w LDL's: 21500 lumens)
SHR(x)(T) = 053 SHR(a)(A) = 0.78 SHRnom = 150
Maintenance Factor (IES (London), 1967)
Fitting category = D 
Room category = Y 
Cleaning interval (luminaires) = 6 months
Cleaning interval (room surfaces) = 12 months
Basic maintenance factor = 0.76
Conversion factor (k) = 1.03
Maintenance Factor = 0.78
Luminance
Direction "a" = 5000 cd/m2 Direction "x"= 5000 cd/m2*
Measured Illuminance
Recommended No. of measurement points 
as Table 4.3
5% accuracy CIBSE = 18
5% accuracy Carter = 47
Actual No. of measurement points = 65
Probable Accuracy = <5%
Average WP Illuminance (Original) = 397.08
Average WP Illuminance (Intermediate) = 337.31
Average WP Illuminance (Obstructed) = 342.08
Sd(Original) = 89.64 lux
Sd (Intermediate) = 84.60 lux
Sd (Obstructed) = 86.75
UR(Original) = 052
UR(Intermediate) = 0.48
UR(Obstructed) = 0.47
KEY:
Wall reflection factor = 0.43 
Floor reflection factor(s)
B are timber boards = 0.51 
Carpet =0.11
Desk reflection factor = 0.54 
Chair reflection factor = 0.26
^  Luminaire position
I I Desk position 
Only two rows of 
desks have been 
shown
( Y )  Illuminance
measurement grid row 
and column 
number
All dimensions are given in 
metres
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All of the luminaires were, GEC Osram "Harrier" HR400M low bay type, fitted 
with HRC Polycarbonate covers and 1 No.400w MBF lamp. These were mounted 
at a height (H) 7.81 metres above the working plane giving a SHR (ACTUAL) of 
0.53:1 between rows and 0.78:1 along the rows. This is significantly better than the 
SHR MAX of 1.5:1 recommended to achieve a uniformity of Illuminance better 
than 0.8 (GEC Osram, 1984).
The luminaires had been switched on for at least 4 hours before any illuminance 
measurements were carried out. The main sports hall is directly adjacent to other 
specialist activity areas. All of the these areas were unoccupied during the 
measurement periods and all luminaires, except those in the main hall were 
switched off. Illuminance measurements were carried out at night at least 2 
hours after sunset. A ll of the measurements which related to a particular 
measurement condition were completed in one night. The measurements for 
each measurement condition were made on consecutive nights. These 
measurements were repeated when the examination period was finished. The 
results are shown on Table 9.2.
9.2.2 Surface colours and reflectance
All surface colours and reflectance characteristics were measured on-site with 
reference to the barium sulphate white surface and the set of 11 No. cards 
painted in a range of colours. Details are given in Appendix C. A description of 
the methods used to determine the reflectance of these samples is given in 
Chapter 8.
Colorimetric and spectrophotometric measurements of a sample of the carpet 
laid over the timber sports hall floor were made in the laboratory. The Beckman 
ACTA M-Series Spectrophotometer (Beckman, 1985) and the Hunterlab 
Tristimulus Colorimeter Model D25M-9 (Hunterlab, 1986) were used. The results 
are shown on Table 9.3 and Figure 9.3.
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Table 92  Measured illuminance on working plane of Sports Hall
Rows Condition Columns 11 2 3 4 5 Av.Illum.
1 Original 3101 320 280 260 205 275.00
Intermed. 2901 290 240 240 180 248.00
Obstructd. 2701 230 165 235.00
2 Original 4401 440 360 360 280 376.00
Intermed. 340! 330 270 280 210 286.00
Obstructd. 3001 310 265 230 195 260.00
3 Original 460j 470 390 390 290 400.00
Intermed. 420j 420 340 330 270 356.00
Obstructd. 415! 425 345 315 250 350.00
4 Original 460! 440 440 460 360 432.00
Intermed. 410 380 370 260 372.00
Obstructd. 430! 430 370 360 250 368.00
5 Original 510! 480 470 470 350 456.00
Intermed. 440! 420 420 440 310 406.00
Obstructd. 445j 435 410 425 290 401.00
6 Original 390! 490 460 470 370 436.00
Intermed. 340! 370 390 420 330 370.00
Obstructd. 350! 365 410 415 340 376.00
7 Original 480! 430 460 470 330 434.00
Intermed. 356! 340 380 410 300 346.00
Obstructd. 325! 360 410 405 290 358.00
8 Original 360! 390 400 370 290 362.00
Intermed. 270! 300 310 310 220 282.00
Obstructd. 300| 325 335 315 240 303.00
9 Original 430! 480 420 3101 210 370.65
Intermed. 380! 420 340 260 175 315.00
Obstructd. 400! 420 350 290 220 336.00
10 Original 520! 540 420 310 210 400.00
Intermed. 450! 465 360 240 160 335.00
Obstructd. 470! 485 375 250 160 348.00
11 Original 600! 600 4851 350 290 465.00
Intermed. 520! 560 420 300 210 402.00
Obstructd. 515 j 560 435 325 255 418.00
12 Original 460j 490 410 330] 290 396.00
Intermed. 405! 440 360 300 230 347.00
Obstructd. 435! 460 380 295 245 363.00
13 Original 410! 440 380 310 260 360.00
Intermed. 360! 390 340 280 230 320.00
Obstructd. 390! 410 345 270 240 331.00
j Average Original 397.08
{ Average Intermed. 33731
I Average Obstructd. 342.08
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Table 93 Comparison of reflectance and CIE lfY" for Sports Hall carpet
380 0.043 0.0000
0.00041390 0.043: 0.0000
400 0.043 0.0021! 0.0001
0.00871410 0.043 0.0004
0.03781420 0.045 0.0017
0.1125|430 0.046 0.0052
440 0.05 02613!
0.44321
0.0131
450 0.055: 0.0244
14077!500 0.085! 0.2897
510 0.082 4.84121 0.3970
6.4491 j0.08 05159
530 0.078: 7.9357! 0.6190
540 0.075 9.1471 0.6860
550 9.8343!0.075 0.7376
560 0.08 9.83871 0.7871
570 0.082: 9.14761 0.7501
580 0.085! 7.98971 0.6791
6.62831590 0.088 05833
5.3157]600 0.09 0.4784
610 0.09 4.1788! 0.3761
3.14851620 0.09 0.2834
2.1984]630 0.09 0.1979
640 0.09 1.4411 0.1297
650 0.887610.095! 0.0843
05028]
0.26061
660 0.11 0.0553
670 0.125: 0.0326
680 0.15 0.13291 
0.0621] 
'"0.029]
0.0199
690 0.175: 0.0109
700 0.2! 0.0058
710 024 0.0143] 0.0034
720 0.275! 0.0064 0.0018
0.0031730 031 0.0009
740 0.35 0.0017! 0.0006
750 0.375! 0.0006 0.0002
0.0003]760 0.0000
770 0.0000
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Figure 9.3 Results from Beckman spectrophotometer for 
Sports Hall carpet
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The reflectance was assumed to be equal to "Y", the luminance factor, of the CIE 
colorimetric system. There was a difference between the measured reflectance 
using both instruments. The colorimeter gave a Y = 7.12, and the 
spectrophotometer Y = 8.2, a difference of 1.08%, see Table 9.3. This difference is 
small and probably due to the differences in source illuminant and inaccuracies 
in abstracting graphical data, as described earlier. This carpet did not cover all of 
the Sports Hall floor, there were two other areas where the carpet was of a 
slightly different reflectance. Since no carpet samples could be obtained for the 
two other carpet colours their reflectance was determined by reference to the 
barium sulphate white surface. When these reflectances were area weighted it 
produced an average reflectance for the carpeted floor of 11.1%
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9.2.3 Illuminance measurements
All the measurements were carried out as described in Chapter 4. The 
illuminance measurements on a measured grid on the working plane, 0.75 m 
above floor level, were carried out under three conditions:
9 . 2 . 3 . 1  O r i g i n a l  C o n d i t i o n :
The original floor surface of the sports hall was light grained timber boards
(pf = 0.51) and no obstructions existed over the surveyed area. A general view of
the room under this condition is shown on Plate 9.1.
The illuminance of the working plane was measured at all grid intersection 
points, as shown on Figure 9.1. The results of these measurements are shown on 
Table 9.2.
9 . 2 . 3 . 2  I n t e r m e d i a t e  C o n d i t i o n :
Following the laying of the dark carpets the illuminance at all grid intersection 
points on the working plane was again measured. The results of these 
measurements are shown on Table 9.2. A general view of the carpeted floor is 
shown on Plate 9.2. The slight difference in the reflectance of the carpeted areas 
can be seen.
9 . 2 . 3 . 3  O b s t r u c t e d  C o n d i t i o n :
Desks and chairs were positioned on the carpet, as shown on Figures 9.1 and 9.2, 
so that the hall could function as an examination room. All of the furniture was 
of lightweight open tubular metal construction with the desk tops forming a 
predominantly horizontal obstruction. The regular arrangement of the furniture 
can be seen on Plates 9.3 and 9.4.
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Plate 9.1 Plate 9.2
Plate 9.3 Plate 9.4
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Following measurement of the furniture dimensions and the determination of 
the reflectance of their surfaces, using the barium sulphate white surface, the 
illuminance at all grid intersection points on the working plane was again 
measured. The results of these measurements are shown on Tables 9.1 and 9.2.
9 . 3  A  C o m p a r i s o n  B e t w e e n  F l o o r  C a v i t y  R e f l e c t a n c e  a n d  H o r i z o n t a l  W o r k i n g  
P l a n e  I l l u m i n a n c e :
Using the surveyed data it is now possible to compare the effective floor 
reflectance (pfc) to the average measured working plane illuminance (Emav.) for 
the three measurement conditions.
The floor cavity index [CI(F)] was determined from:
[CI(F)] = RI(hm/h) (122)
Using the dimensions shown on Figure 9.1, this gives:
[CI(F)] = 16.14
This is a very high cavity index and will give rise to considerable light flux transfer
between the floor and the open mouth of the floor cavity. The floor reflectance is
therefore a dominant factor in the effective reflectance of the floor cavity (pfc) because of
the relatively small flux transfer between the wall surfaces. (pfc) has been calculated 
using the simple but slightly inaccurate equation (CIBSE, 1984):
CI(F) * (pwfc)
(pfc) = ------------------------- (123)
CI(F) + 2[1 - (pwfc)]
where (pwfc) = the average area weighted reflectance of the floor cavity.
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For the Original and Intermediate conditions the calculations are straightforward and 
based on unobstructed floor cavities. For the Obstructed Condition the reflectance of the
side walls of the desk cavity (pwc), as shown on Figure 9.2, must be determined. Since 
the furniture is of a very open tubular structure and little reflectance from the side 
walls into the desk cavity takes place, reflectance values (pwc) of 0%, 10% and 50% have
been assumed. The average area weighted reflectance of the desk cavity (pWdc) has been 
determined from the geometry of the cavity, the measured reflectance of the walls and 
floor and the (pwc) values. The cavity index of the desk cavity (CI(DC)) is also 
determined from the geometry of the desk cavity as:
(CI(DC) = [(lcw )2/{(lc+w)2}hw] (124)
Using the dimensions shown on Figures 9.1 and 9.2, this gives:
CI(DC) = 1.26
The modified form of Equation (123) enables the effective reflectance (pdc) of the desk 
cavity to be determined from:
CI(DC) * (pWdc)
(pdc) = --------------------------  (125)
CI(DC) + 2[1 - (pwdc)]
where (pwfc) = the average area weighted reflectance of the floor cavity.
In order for the effective reflectance (pfc) of the working plane to be determined under
obstructed conditions, both (pdc) and the reflectance of the desk tops (pd) must be area 
weighted. This can be shown as:
(Pdc).Adc + (pd).Ad
(pfc) =   (126)
■Adc + Ad
where Adc = area of working plane occupied by the mouth of the desk cavity
and Ad = area of working plane occupied by desk tops
A worst case occurs when (pwc) = 0% since this w ill give the lowest (pwfc) of the desk
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cavity. The effect of these assumptions and the differences between the effective floor 
reflectance (pfc) and the average measured working plane illuminance (Emav) is shown 
in Table 9.4 and summarised in Table 9.5.
T a b l e  9 . 5  F l o o r  c a v i t y  r e f l e c t a n c e  c h a r a c t e r i s t i c s  a n d  a v e r a g e  i l l u m i n a n c e  
d u r i n g  t h e  t h r e e  m e a s u r e m e n t  c o n d i t i o n s
Conditions (Pwdc) (Pdc) (P w fc) (P fc ) Emav(lux)
Original 0.50 0.47 397
Intermediate 0.14 0.13 337
Obstructed
Pwcf0%) 0.06 0.023 0.22 342
pw f 10%) 0.12 0.048 0.23 342
Pwfl5%) 0.14 0.061 0.24 342
pwf20%) 0.17 0.074 0.25 342
pwf25%) 0.20 0.089 0.26 342
pwf30%) 0.23 0.104 0.27 342
pwf35%) 0.25 0.119 0.28 342
pwf40%) 0.28 0.135 0.29 342
pwf45%) 0.32 0.152 0.29 342
pwf50%) 0.35 0.170 0.31 342
pwf55%) 0.37 0.188 0.32 342
pWf60%) 0.40 0.208 0.33 342
9 . 4  A l t e r n a t i v e  M e t h o d s  f o r  t h e  C a l c u l a t i o n  o f  E f f e c t i v e  R e f l e c t a n c e  o f  t h e  D e s k  C a v i t y
( p d c )
9 . 4 . 1  T h e  P h i l l i p s  a n d  P r o k h o v n i k  M e t h o d
The consideration of inter-reflections in lighting design by Phillips and Prokhovnik 
(Phillips and Prokhovnik, 1960) has been discussed earlier. The room was considered to 
be formed by a floor cavity, a ceiling cavity and a room cavity which was bounded by 
the surface planes of the other two cavities. They developed a theory concerning the 
equivalent reflectance of a recess based on the inter-reflectance within a hemisphere.
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Table 9.4 Floor cavity reflectance characteristics and average illuminance during
j | the three measurement conditions in the Sports Hall |
i ! i
..............I................ i.............. 1
! i...... .....
f 1
T
The Total Floor Cavity (Original) and (Intermediate) Conditions
Lth. jw th. |H t Wall Floor Wall Floor Tot RA(F) ! CI(F) RE(F) j Emav
(m) j(m) j(m) Refl. Refl. a/w a/w a/w (lux)
18.171 3655j 0.75 0.437 ! 0512 35.91 340.03 746.19 0504 16.4 0.475 397
18.171 36551 0.75 0.437 | 0.108 35.91 71.72 746.19 0.144 16.4! 0.131 337
( 1 ...............
i 1
........ j ............ t..... ......
I
The Desk Cavity (Obstructed) Condition determined by the C3BSE method
Lngthj WdthjHt Wall Floor Wall Floor Tot RA a RE RE(F) Emav|1
,
|l Refl. Refl. a/w a/w a/w (DC) (DC) (DC) (Cav.) (lux)
18.17| lj 0.75 0.00 0.108 0.656 1.9624 46.925 0.056 126 0.022 0.215 342
18.171 lj 0.75 0.10 ; 0.108 3.382 1.9624 46.925 0.114 126 0.047 0.231 342
18.17 1! 0.75 0.15 j 0.108 4.745 1.9624 46.925 0.143 126 0.061 0.239 342
18.17j i  0.75 0.20 | 0.108 6.107 1.9624 46.925 0.172 126 0.074 0247 342
18.171 lj 0.75 0.25 0.108 7.47 1.9624 46.925 02 01 126 0.089 0.256 342
18.17] l |  0.75' 0.30 0.108 8.833 1.9624 46.925 0230 126 0.104 0.266 342
18.17 j 1 0.75 0.35 0.108 10.20 1.9624 46.925 0259 126 0.119 0.275 342
18.171 lj 0.75 0.40 0.108! 11.56 1.9624 46.925 0288 126 0.135 0.286 342
18.17 1] 0.75 0.45 OL108! 12.92 1.9624 46.925 0317 126 0.152 0.296 342
46.925 0346! 126 0.170 0.307! 342
H-l
 
00
 
I—1 VI M o a 0.55 0.108! 15.65 1.9624; 46.925 0375! 126 0.188] 0.319 342
18.17| lj 0.75 0.60 0.108 17.01 1.9624! 46.925 0.404| 1.26 0.208j 0.331! 342
! ........ . j
..........1................1................. „ .............j.............
....................... 1........... i
Wall Refl. = pwc = reflectance of sic e walls of desk cavity
Wall a /w  = Area weighted reflectance of the walls
Floor a /w  = Area weighted reflectance of the floor
Tot a /w  = Total surface area of cavity
RA(F) = pwfc = Area weighted reflectance of floor cavity
RE(F) = pfc = Effective floor reflectance
RA(DC) = pwdc = Area weighted reflectance of desk cavity
RE(DC) = pdc = Effective reflectance of desk cavity
RE(F)CAV = pfc = Effective reflectance of floor cavity including desk cavity j
.... ........... |...............| ................:l
............... 1.............. j ................
1 3
................j............... ..................i
1...............1-----...........
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This work expressed (pdc) as:
(pwdc)(Adc/ A ctot)
(pdc) = ------------------------------------- (127)
{l-(pwdc)}{l-(Adc/ A ctot)}
Equation (127) has been used to determine the (pdc) of the floor cavities in the sports
hall and also the (pfc) for the floor cavity including the desk cavities. The results are 
shown on Table 9.6 and Figure 9.4.
They shown the greatest influence of the reflectance of the side walls of the cavity on 
the effective reflectance of the desk cavity. The results are different to those results 
obtained by the CIBSE and O'Brien (O'Brien, 1965a) methods. This is due to the shape of 
the actual desk cavity in the sports hall being significantly different to that of the 
hemisphere used as the basis for the theory by Phillips and Prokhovnik. There was 
considered to be better agreement with the results obtained by Spencer (Spencer, 1957) 
when cavities were square or with width>depth.
9.4.2 The O'Brien Method
O'Brien developed a numerical analysis method for lighting design (O'Brien, 1965a) 
which used the nine transfer functions (O'Brien, 1960) in a tabular form. The method 
was claimed to bring with it the benefits of computer programmes. The charts and 
tables were used for the calculation of effective reflectance of floor and ceiling cavities. 
O'Brien developed this calculation method to include room cavities with specular and 
diffuse reflectance (O'Brien, 1966) and the approach described in that paper has been 
used here to determine the (pdc) of the floor cavities in the sports hall. This can be used 
to determine the (pfc) for the floor cavity including the desk cavities. Details of the 
calculation method are given in (O'Brien, 1965a and 1966). The results are shown on 
Table 9.7. They compare well with the results determined by the CIBSE method, 
described earlier and this is shown on Figure 9.4.
2 5 2
Floor cavity reflectance characteristics determined byTable 9.6
Phillips and Prokhovnik method
Atop p2 (S1/S2)pw Aw
18.17 0 27.26
18.17 0.13
18.17 0.15
18.17 0 2
18.17 025
| 18.17j 03
18.17 035
18.17 0.45
18.17 055
pf = reflectance of floor of cavity
Af = Area of floor of cavity
pw = Reflectance of side walls of cavity
Acav = Area of walls and floor of cavity = S2
Atop = Area of cavity in the plane of the desk tops = SI
p2 = Reflectance of Acav
RE(DC) = pdc = Effective reflectance of the desk cavity
RE(F)CAV = pfc = Effective reflectance of floor cavity including desk cavity
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There is a divergence with an increase in the reflectance of the side wall of the desk 
cavity. This is due to the differences noted by O'Brien which occur when there is 
increasing differences between floor and wall reflectance of the cavity and also an 
increasing difference when the ratio of cavity opening to cavity wall area moves toward
0.5. For the Sports Hall cavity this was 0.57.
9 . 5  A  G e n e r a l  R e l a t i o n s h i p  B e t w e e n  E f f e c t i v e  F l o o r  R e f l e c t a n c e  a n d  H o r i z o n t a l  
W o r k i n g  P l a n e  I l l u m i n a n c e
From the results given on Tables 9.4 and 9.6 it is possible to consider the influence of 
the effective reflectance of the floor including the desk cavities (pfc) on measured 
illuminance. This is shown on Figure 9.5.
These results show^ that there is not a direct relationship, although the effective 
reflectance values has been determined by the range of (pwc), 0% to 60%, and the two 
methods of calculation chosen. Even when considering the upper and lower values of 
(pfc), as 0.215 and 0.331 the relationship between measured illuminance and effective 
floor cavity reflectance follows a form similar to that for the measured value of 30%
(pwc) of (pfc) 0.266. This is given as:
E = 13.5(pfc)+468(pfc)2 (128)
and is shown on Figure 9.6.
9 . 5 . 1  L i m i t a t i o n s  o f  t h e  G e n e r a l  R e l a t i o n s h i p
This relationship w ill only apply for the room index and intensity distribution of the 
luminaires found in the sports hall. The effect of a change in floor reflectance on WP 
illuminance has been shown to be independent (Durrant, 1973). The SHR has been 
shown to have a significant influence on the UR in obstructed rooms (Carter and 
Bougdah, 1992) and also cause shadow effects (Slater and Boyce, 1990). The Sports Hall is
2 5 6
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a large space and there were no obstructions to produce shadow effects on the working 
plane. The furniture acts as an obstruction below the WP and w ill affect the inter­
reflected flow of light only. Luminaires with sharp cut-off angles w ill also cause 
differences in illuminance in obstructed and unobstructed interiors (Carter and 
McEwan, 1988a). In the Sports Hall the luminaires are nominally classified as BZ1, 
which has a sharp cut-off angle. The flow of light in the sports hall is directed into the 
mouth of the desk cavities and onto the diffusely reflecting carpet. An amount of light 
flux is likely to be reflected out of the cavity. In rooms where the SHR is greater, for 
example the lower ceiling in the classrooms, then more light w ill flow through the 
open walls of the desk cavity. This w ill be diffusely reflected under the furniture or pass 
directly into the adjacent desk cavity. The layout of the desk cavity in the Sports Hall is 
shown on Figure 9.2. These effects appear to explain some of the reasons why there is 
little difference in WP illuminance in the Sports Hall due to the addition of desks and 
desk cavities.
9 . 5 . 2  V e r i f i c a t i o n  o f  R e s u l t s  w h e n  t h e  S i d e  W a l l  o f  t h e  D e s k  C a v i t y  i s  Z e r o
The difference between average illuminance for the Intermediate and Obstructed 
Conditions given in Table 9.5, is 5 lux, or 1.5%. This is a reasonable match with the 
predicted accuracy of the measurement grid. This result suggests that the effective 
reflectance of the floor cavity in the intermediate and obstructed condition should be 
similar since all the other parameters in the room remain the same under all
measurement conditions. However even when an (pwc) of 0% is adopted the (pfc) value 
increases by 69% from 0.13 to 0.22. This could be explained by a possible inaccuracy in 
the method of calculating (pdc) using equation (125) or (127). In order to verify the result 
when (pwc) = 0% the following equation proposed by Spencer (Spencer, 1957) is used:
(p d c ) =  e - 4 k r p f  (129)
This gives:
(pdc) =  0.025
2 5 8
and compares with:
(pdc) = 0.023
as shown in Table 9.5.
An (pwc) = 50% would allow for the entry of some luminous flux from an adjacent desk
cavity. This raises the (pfc) from 0.22 to 0.31, a rise of 40%. This emphasises the 
independence of floor cavity reflectance from horizontal illuminance.
9.5.3 The Application of Equation (128) to the Surveyed Rooms
The rooms which have been surveyed for this study have similarities with the Sports 
Hall. These include:
1. The furniture and the general configuration of the furniture.
2. The room index.
3. A regular luminaire array and other conditions which are typical of a "lumen 
method" design.
4. Typical surface reflectances.
5. The normal "as found" conditions.
A significant difference is the luminous intensity distribution of the luminaires which 
were nominally classified between BZ3 and BZ7, compared to the BZ1 found in the 
Sports Hall. The influence of luminous intensity distribution of floor cavity reflectance 
is the subject of a separate study (H ill and Cook, 1994).
Equation (128) has been applied to the surveyed rooms, since several of the factors are 
similar. Although the measured illuminance values in general are slightly lower than 
those measured in the Sports Hall the differences between predicted and measured 
illuminance were commonly much larger. (See Table 5.2 and Figure 5.1). The generally 
regular arrangement of furniture in the surveyed rooms normally provided a 1.0 m 
wide desk cavity. This has been used for the determination of desk cavity reflectance.
2 5 9
9.5.3.1 Using Room WPRM1 as an Example
Room WPRM1 is taken as an example. The size and configuration of the floor cavity is 
similar to that found in the Sports Hall. The RI of 1.97 is slightly larger and the 
luminaires have a nominal intensity distribution of 5 rather than BZ1 in the Sports 
Hall. When the results of Table 9.4, as given by Equation (128), are applied to Room 
WPRM1 it would be expected to show a condition which although not identical, may 
give an indication of the true reflectance of the floor cavity. The results of this 
application are shown on Figure 9.7 and also in Table 9.8.
This shows that the effective reflectance of the floor (pfc) , using data obtained from the 
survey, (the (or) condition shown on Table 9.8), is 0.18. In order to raise the average 
measured illuminance (Emav) of 137 lux to the average predicted illuminance (Epav) of 
350 lux the effective reflectance of the floor would need to increase to 0.84. This is not a 
practical possibility since, as shown on Table 9.8, this would require that:
a) The effective reflectance of the desk cavity (pdc) increase from 0.156 to 1.622
b) The average area weighted reflectance of the desk cavity (pwdc) increase from 0.337 to 
1.162
c) The reflectance of the side walls of the desk cavity (pwc) increase from 0.466 to 1.834.
The reflectance of the side wall of the desk cavity was measured as for all other surfaces 
in the survey, although the open sided cavities did give considerable variation in side 
wall reflectance.
9.5.4 Effective Floor Reflectance as a Correction Factor for Predicted Illuminance
The use of Equation (128) is, as the correlation between measured and predicted 
illuminance discussed in Chapter 7, a method of correcting the predicted illuminance 
to that which exists in practice. This adds the role of correction factor to the 
contribution of the effective reflectance of the floor in the determination of average 
illuminance.
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Table 9.8 pdc and pwdc for all surveyed rooms under measured and predicted conditions
Room
WPRMl(or)
WPRM2*(or)
0.337WPRM3(or)
WPRM4(or)
WPRM5(or)
WPRMmor
WPRM7(or)
WPRM8(or)
WPRM9(or)l
r i
WPRM13(or)
1.193! 0130] 0286|WPDRMl(or)j
WPDRM2(or)
(mod)
WPDRM3(or){
024 0.419 0.388
1.13 0210 1.193 1.694 1.181 1.872
0.12 0210 1.193 0.065 0.157 0.174
0.15 0.190 1.167 0.120! 0270 0.414
1.12 0.190 1.167 1.822 1.199 1.956
0.79 0.190 1.167 1.243! 1.078 1.754
027 0270 1.1941 0270 0.497 0.722
0.8 0270 1.194 1.309 1.097 1.732
-0.18 0270 1.194 M>P
T
(or) = Meas. cond. [(mod) = Modif. cond. (av) = Av. cond. pf = Floor reflectance
pfc = Fir cav. reflet, j pd = Desk reflet Cl (DC) = Desk cav. index
(mod) = Modified condition : pdc = Desk cav. reflet M>P = Measd. ill.>Pred. ill. as Eq(120)
pwdc = Area wtd. reflet of desk cav. pwc = Reflet of side walls of desk cav.
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Table 9.8 pdc and pwdc for all surveyed rooms under measured and predicted conditions
Room
WPDRM4(or)
1.196 M>P
WPDRM5*(or)j
1.163 M>P
WPDRM6*(or)
1.1331
1.1331
WPDRM7(or)
WPDRM8(or)
(mod)l 0.15
_ j
WPDRM9(or)
1.117 M>P
0.3001WPDRM10*(or)
1.164 M>P
STBENRMKor)! 0.17 029 0.180 1.012j 0.3% j 0.661 0.937
(mod) 0.17 0.86 0.180 1.012[ 15133 1.129 1.667
(av) 0.17 -0.04 0.180 1.012 M>P 3
STOENRM2*(or) j 0.16 025 0250 1.649] 0250] 0.425 0.665
(mod)] 0.16 -0.68 0250 1.6491M>P ]
(av)j 0.16 -0.16 0250 i.649|M>P j
STBENRM3(or)j 0.17 028 0250 157lj 0.308] 0503 0.794
(mod)] 0.17 1.12 0250 1571 1.9231 1268 2.231
(av) 0.17 059 0250 15711 0.9043 0.955 1.644
STBENRM4(or)| 0.13 021 0240 1507 0.172] 032$ 0.489
(mod)] 0.13 0.88 0240 15073 1.695] 1214 2.117
(av)j 0.13 0.66 0240 1507} 1.195] 1.075 1.863
GTRM1*(
GTRM2*(or)
0.17 029 0.180 1.012 0.3963 0661 0.937
0.17 0.86 0.180 1.012 1513 j 1.129 1.667
0.17 0.38 0.180 1.0121
Tw1
0572 0.799 1.153
0.14 023 0290 0.188 0.405
l.®7j
0560
0.14 0.48 0290 0.612 j 0522 1.223
(av)j 0.14 -0.07 0290 1.037 M>P
(or) = Meas. cond. (mod) = Modif. cond. (av) = Av. cond. ! pf = Floor reflectance
pfc = Fir cav. reflet, j pd = Desk reflet CI(DC) = Desk cav. index
(mod) = Modified condition pdc = Desk cav. reflet. M>P = Measd. ill.>Pred. ill, as Eq(120)
pwdc = Area wtd. reflet of desk cav. pwc = Reflet of side walls of desk cav.
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Table 9.8 pdc and pwdc for all surveyed rooms under measured and predicted conditions
Room
GTRM3(or)
(mod)
0l978IM>P
GTRM4(or)j
GTRM5(or)
(mod) |
1.089 M>P
GTRM6(or)
1208 [ M>P __________j
0.4003GTRM7(or)
0.9591____  1.265(mod) 3
0.959 M>P
GTRM8(or)]
- 0.121 -0280-0.038
GTRM9(or)
0.909] 02851GTRMKXor)
GTRMll*(or)
(mod)
n o r v H
UOS'mT(or)I
1.167|M>P
UOSRM2*(or)3
-0.299 -0.568-0.083
UOSRM3*(or)
1.083 M>P
0.954
0.9541
UOSRM4*(or)j
\ pf = Floor reflectance(av) = Av. cond.(mod) = Modif. cond.(or) = Meas. cond.
CKDC) = Desk cav. mdexpfc = Fir cav. reflet, j pd = Desk reflet
pdc = Desk cav. reflet M>P = Measd. ill.>Pred. ill. as Eq(120)(mod) = Modified condition
pwc = Reflet of side walls of desk cav.pwdc = Area wtd. reflet of desk cav.
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Table 9J8 pdc and pwdc for all surveyed rooms under measured and predicted conditions
Room
UOSRM5(or)
UOSRM6
-0.480-0.073 -0249
UOSRM7*(or)
-0.152 -0.600
U05RM8(or)
UOSRM9(or)
1.053 M>P
UOSRMKXor)
-0.335-0.048 -0.154
UOSRMll(or)
UOSRM12*(or)
(avX§) 0.13; -0.308-0.044 -0.134
UOSRM13*(or)
1.085 M>P
UOSRM14(or)
UOSRM15(or)
UOSRM16(or)
UOSRM17(or)
(mod)] 0.12
(avX§)j 0 2 2 -0.603-0.096 -0329
(av) = Av. cond.(mod) = Modif. cond. pf = Floor reflectance(or) = Meas. cond.
CI(DC) = Desk cav. indexpfc = Fir cav. reflet, pd = Desk reflet
pdc = Desk cav. reflet M>P = Measd. ill.>Pred. ilk as Eq(120)(mod) = Modified condition
pwc = Reflet of side walls of desk cav.pwdc = Area wtd. reflet of desk cav.
265
Table 9.8 pdc and pwdc for all surveyed rooms under measured and predicted conditions
..................................................................7
j |
j a
Room jpf pfc pd (DC) jpdc jpwdc ! pwc
UOSRM18(or)j 0.15 024 022C l.f i ij  0.260] 0.495 0.709
(mod)l 0.15 0.89 0220‘ 1.114} 15603 1.147 1.763
(avjl 0.15 058 0220 1.114 0.940j 0.978 1.489
UOSRMi9(or)j 0.11 0.22 0200 1.115 j 0236} 0.464 0.682
(mod)! 0.11 0.96 0200 1.115 1582] 1.152 1.795
(avjj 0.11 058 0200 1.115} 0.891] 0.958 1.481
UOSR^CKor) 0.14 0.22 0250 1.073? 0.193] 0.407 0572
(mod)] 0.14 1.15 0250 1.073] 1.9483 1205 1362
(avjj 0.14 0.68 0250 1.073] 1.0611 1.021 1564
UOSRM21(or)j 0.12 0.19 0210 1.1161 0.183] 0385 0548
(mod)] 0.12 0.99 0210 1.116} 1.264] 1.081 1.674
(avjj 0 .i2 0.60 0210 1.116} ' 0.737] 0387 1360
UOSRM22*(or)j 0.08 0.15 0220 1.061 0.0803 0201 0275
(mod) 0.08 0.16 0220 1.061} 0.1003 0243 0343
(av) 0.08 -0.05 0220 1.061 ] M>P j
U05RM23(or)j 0.09 0.19 0210 1X69 0.176 0382 0562
(mod) 0.09 0.60 0210 1.059 0.871 j 0.951 1.483
(avjj 0.09 038 0210 1.(59} 0.4983 0.741 1.143
UOSRM24*(or)j 0.05 0.18 0230 1.125} 0.1443 0318 0.484
(mod)] 0.05 0.75 0230 1.125 1.127] 1.042 1.655
(avjj 0.05 -0.18 0230 l.ii£)M>P }
.....  | 3 |
j 1 tLU |
j
j j ;
I 3i ! i
j 3 j
f 3
! 3
................... r ................. J....... .......
! !
i
f...... ........... 3................... j
j |
Note: There were 11 No. rooms where measured illuminance was > predicted illuminance j
when using Equation (120), although the (pfc) remained positive. These are shown as (§).
j 3
(or) = Meas. cond. j (mod) = Modif. cond. (av) = Av. cond. pf = Floor reflectance ;
pfc = Fir cav. reflet. j pd = Desk reflet CKDC) = Desk cav. index }
(mod) = Modified condition pdc = Desk cav. reflet VI>P = Measd. ill.>Pred. ill. as Eq(120)
pwdc = Area wtd. reflet of desk cav. pwc = Reflet of side walls of desk cav.
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The effective reflectance of the desk cavity (pdc)is determined by the re-arrangement of 
Equation (126). The area weighted reflectance of the desk cavity (pwdc) has been 
determined by the re-arrangement of Equation (125) and the reflectance of the side walls 
of the desk cavity (pwc) from:
l(Pwdc)Actot} - (Afpf)
(pwc) = -------------------------- (130)
A■r *wc
Therefore Table 9.8 has used the (pfc) and the other features of the room, including the 
reflectance of the floor and the furniture and the relative areas of these reflectances to 
determine the increase in reflectance of the side walls of the desk cavity.
There are 17 rooms which have been identified in Chapter 7, as part of the description 
of SET X, as having particular differences from that general condition described above. 
This suggests that the application of Equation (128) would not produce results 
compatible with those found in the Sports Hall. These rooms have been marked (*) on
Table 9.8. This may explain why there are high (pwc) values for all these rooms except 
rooms UOSRM13 and 22 where the differences between measured and predicted 
illuminance is small. The results from rooms STBENRM1 to 4 continue to be non­
standard. The interiors are very different, complicating reflectance measurement, and 
since the furniture is small the floor cavity index in rooms 2, 3 and 4 is the largest of all 
the rooms.
9.5.5 Comparison of Percentage Difference from Average Measured illuminance and
(Pfc)
When the accuracy of the survey was examined in Chapter 7 a general relationship 
between %age difference from average measured illuminance and predicted 
illuminance was given by Equations (118) and (120). This has been applied to the 
illuminance values and the results shown on Table 7.6. These general results of the 
illuminance likely to occur in practice can also be related, by Equation (128), to the (pfc)
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likely to occur in the room. This has been determined and is shown on Table 9.8 in the 
row marked "(av)" under each room name. 5 No. rooms would have a positive (pfc) 
and a range of desk cavity reflectances which could be obtained in practice. A further 7 
No. rooms would have a small positive (pfc) but due to the reflectance of the floor and 
the desk tops would have negative reflectances in the desk cavity. There are a further 19 
rooms where measured illuminance > illuminance predicted by Equations (118) and 
(120). This produces a negative (pfc) and has been marked "M>P" on Table 9.8.
9.6 Conclusions of the Sports Hall Experiment
WP illuminance was affected by the degree of floor cavity obstruction and the (pfc) 
caused by the three measurement conditions. A relationship between WP illuminance 
and (pfc) exists for this room under the conditions existing at the time of the survey.
Although the relationship has been assumed to comply with Equation (128), this has 
been developed from a measured average value for the side wall of the desk cavity
(pwc). This value, as the other values found in the survey, is based on actual 
measurements of the desk cavity. Due to the open nature of the furniture the complete 
accuracy of these values may be questioned.
The range of illuminance variation of 60 lux in the Sports Hall is small compared to 
the degree of variation found in the larger survey. When Equation (128) is applied to 
these differences the reflectances of the floor cavity are real but when equated back to
the reflectances of the desk cavity, they are impractical, many giving a (pwc) of >1.0. The
(pfc) value is therefore useful as a correction factor to quantify a difference in WP 
illuminance by a change in floor cavity reflectance. This correction factor w ill take 
account of the degree of obstruction within the floor cavity, since Equation (128) was 
obtained from a room with a similarly obstructed floor cavity.
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The modification of the predicted illuminance by Equations (118) and (119) to 
provide an illuminance more likely to occur in practice based on the results of 
this survey, offers another opportunity to compare the practicality of Equation 
(128). Because the formula derived illuminance w ill be, for certain rooms, > and 
< the measured illuminance, the (pfc) values w ill be positive and negative. Due 
to the large difference between predicted and measured illuminance there were 
only 18 room&where (pfc) was negative. The difference in illuminance between 
predicted and that derived by Equations (118) and (120) could be explained by 
practical reflectances for 5 rooms. The differences in illuminance in these rooms 
was small.
Research into the influence of floor cavity obstructions in a range of interiors, 
including those containing standard obstructions (H ill and Cook, 1994) is 
currently progressing under my supervision at The University of Reading.
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10. SUMMARY, CONCLUSIONS AND FURTHER WORK
10.1 Introduction
The summary and conclusions of the chapters has been summarised in this 
section. Areas of further work have been identified.
10.2. Historical Review of Illuminance Prediction Theory
The work of Harrison and Anderson (Harrison and Anderson, 1916 and 1920a) 
produced Tables of Coefficients of Utilisation for a restricted range of luminaires 
and made overall allowances for the reflectance of room surfaces. Zijl (Zijl, 1942) 
suggested that an exact calculation of the inter-reflection of light in a room was 
impossible.
The matching of illuminance to the task was examined by Blackwell (Blackwell, 
1959) and subsequent work has considered visual performance in real interiors 
(Bennet, 1977; CIE, 1981).
The need for an extended range of luminaire, glare and a sound mathematical 
basis for the prediction of illuminance was recognised by Moon (Moon, 1941c). 
Moon identified ten factors which determine Eav and these form the basis of the 
"lumen method" in present use. The influence of obstructions below the 
working plane is not identified as one of the ten factors, although the height of 
the working plane and therefore some consideration of floor cavity, is listed.
Further work (Moon and Spencer, 1946a and 1946c) produced Tables of 
Interflectance to be applied to interiors. This was based on approximate solutions 
to integral equations. The accuracy of the work was challenged following 
measurements in model rooms carried out by Wiseman (Wiseman, 1955), Bull 
(Bull, 1957) Potter and Russell (Potter and Russell, 1951, 1954 and 1955) who 
developed the Hux Ratio\ and the Direct Ratio concept.
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Coefficients of Utilisation were developed for surfaces other than the Horizontal 
Working plane at or above floor level by Jones and Neidart (Jones and Neidart, 
1951 and 1953). ^onal multipliers for point source luminaires, similar to those 
shown in CIBS TM5 (CIBS, 1980), were used to determine the direct illuminance 
on the major room surfaces.
The Zonal Method of calculating Coefficients of Utilisation by Jones and Neidart, 
which was subsequently adopted by the IES (U.S.A.) (IES (U.S.A.), 1956 and 1964), 
produced average illuminance values and was not able to consider the effects of 
obstructions within the rooms. Spencer (Spencer, 1957) considered the influence 
of the floor and ceiling cavities as obstructions within which an unobstructed 
room exists. Jones and Jones developed this work (Jones and Jones, 1959).
Hisano (Hisano, 1946) developed the room index concept to describe the 
geometry of the room. The Crouch and Freyer (Crouch and Freyer, 1953) form of 
room index remains in common use. The limiting size of rectangle within 
which Coefficients of Utilisation are accurate to ±10% has been incorporated into 
CIBS TM5.
The need for a designed appearance was identified by Bellchambers and 
Ackerman ( Bellchambers and Ackerman, 1955) and further developed by 
Phillips (Phillips, 1956) who drew on earlier work of Yamuti (Yamuti, 1929). This 
reversed the traditional design method. The method was extended by Waldram 
in a manner which considered room surfaces as windows (Waldram, 1958), to 
include data produced by Jones and Neidart ( Jones and Neidart, 1951 and 1953). 
Further work by Coomber and Jay ( Coomber and Jay, 1967) attempted to simplify 
the calculation procedure and the transfer functions which were used remain 
applicable to the square and rectangular rooms which are described in CIBS TM5.
Another approach to the prediction of illuminance was described by Lynes 
(Lynes, 1959) and was based on a rectangular room lit by uniformly spaced 
luminaires. This method was able to consider vertical obstructions. The inter-
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reflection of light was assumed to follow that of light within an integrating 
sphere as described by Phillips (Phillips, 1956). This approach was also used by 
Jones and Neidart (Jones and Neidart, 1957) although applied to rectangular 
rooms.
O'Brien (O'Brien, 1958) recognised the need to consider the effects of areas of 
room surface having different reflectance, including floor and ceiling cavities 
(Jones and Jones, 1959), and challenged the earlier views of Zijl. Further work by 
O'Brien (O'Brien, 1960) used a computer to predict illuminance and also 
developed a hand calculation method since in 1964 computers were not 
generally available. The O'Brien method has been used in this study to predict 
the reflectance at the mouth of a floor cavity.
A finite element approach to inter-reflection calculation was described by Phillips 
and Prokhovnik ( Phillips and Prokhovnik, 1960). The accuracy of the Phillips 
and Prokhovnik ( Phillips and Prokhovnik, 1960) method was claimed to be <5% 
for a three surface room. This method is part of the AMAZON computer 
programme which has been used in this study to predict the illuminance in 59 
rooms.
Horizontal illuminance has been examined in this study, it is appreciated that 
light behaves in a three-dimensional way (Lynes, et. al., 1966) and that scalar and 
cylindrical illuminance may give additional information concerning modelling 
within the rooms.
A calculation method (IES (London), 1968) for the determination of direct 
illuminance from linear sources was published in 1968. This "Aspect Factor" 
method is used in the AMAZON computer programme to determine direct 
illuminance.
Further work into the need to provide computer programmes which are accurate 
and computationally efficient has been undertaken by DiLaura (DiLaura, 1975,
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1976, 1979, 1981, 1982), Jensen and Lewin ( Jensen and Lewin, 1982), Brackett and 
others (Brackett, et. al., 1983) and Egger (Egger, 1984).
More recently this subject has been examined by Carter (Carter and McEwan, 1986 
and 1988a; Carter, 1989a; Carter and Bougdah, 1992) who has considered the effect 
of modifying the SHR of the luminaire to account for the variation in UR found 
in obstructed interiors. The need for a computer programme to predict 
illuminance from non-uniform luminaire arrays was examined by Slater (Slater, 
1989). This work compared measured and predicted illuminance in unobstructed 
interiors and reported reasonable agreement.
All of these studies have been concerned with obstructions above the working 
plane. This study is concerned with classrooms having no obstruction above the 
working plane. Computer programmes which can consider the effect of 
obstructions are beginning to become generally available. They do not appear to 
be widely used by lighting designers who continue to rely on the simple and 
practical industry standard programmes such as the AMAZON programme used 
in this study. The rate of change in computing hardware and software suggests 
that this may not remain the case in the future.
10.3. The Need for a Comparison Between Measured and Predicted Illuminance 
in Real Interiors
The need for comparisons between measured illuminance in real interiors and 
illuminance predicted by a computer programme, as identified by Egger (Egger, 
1984), McEwan (McEwan and Carter, 1985) and Slater (Slater, 1989), was endorsed 
by the CIBSE Panel for Initiating Research into Lighting (PIRIL) (CIBSE, 1986).
This need was the main reason for this study which is concerned with the 
measured and predicted illuminance in 59 classrooms due to artificial lighting. 
This study would also update the earlier survey by Wood-Robinson (Wood- 
Robinson, 1966).
Classrooms require adequate lighting and this is defined as recommendations by
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the Department of Education & Science (DES, 1967) and the IES (London) (IES 
(London), 1973b). There is a need for daylight provision although this was not 
part of this study. The measurements carried out as part of the survey of the 
lighting provision in the classrooms are compared to the recommended values.
Lecture theatres with ramped seating were not part of this study.
The rooms were not occupied during the survey as it proved to be an impossible 
to fill each of the survey rooms during the survey period. Surveys took place at 
night and any results would not adequately quantify the influence of partially 
filled classrooms.
The rooms were surveyed in the "as found" state. No cleaning or relamping was 
carried out.
A comprehensive range of measurements were made in each room. This 
included the Working plane illuminance, luminance, and the reflectance of the 
major room surfaces and furniture.
The survey was not directly concerned with users reactions.
The classrooms were on five different sites which were owned/managed by 
different authorities. All of the rooms were lit by linear fluorescent luminaires 
and the maintenance of each site was similar. Supply voltage was monitored 
during the survey.
The rooms generally complied with the limiting rectangular size of 4:1 as 
required by CIBS TM5. They also complied with the general requirements of the 
lumen method of artificial lighting design. Three of the classrooms contained 
two different luminaires. Two classrooms contained structural columns.
All of the classrooms were furnished with desks and chairs. In general these
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were of an open sided structure, although three of the rooms were provided with 
fixed seating and one room was furnished with solid sided desks.
The number of illuminance measurement points on the working plane was 
greater than the number recommended by CIBSE (CIBSE, 1984). The number was 
determined by the method proposed by Carter (Carter, et. al., 1989b). The relative 
accuracy of the number of measurement points for each room has been 
determined.
10.4 The Lighting Survey: Hardware, Method and Accuracy
A megaton Type DA4 illuminance meter was used for all the illuminance 
measurements. The output of the Type "M" selenium photocell gave a close 
match to the CIE photopic observer. Calibration checks were carried out by 
Megatron at 6 monthly intervals and errors were reported at <5%.
A Hagner SI and S2 instrument was used for all luminance measurements. The 
output of the selenium photocell gave a close match to the CIE photopic 
observer. Calibration checks were carried out by Megatron at 6 monthly intervals 
and errors were reported at <5%.
The Hagner meter, a barium sulphate white surface and 11 No. colour samples 
were used to determine reflectance.
The survey measurements were carried out at night. All of the luminaires had 
been switched on for at least 1 hour prior to the beginning of measurements.
The need for accurate measurements was balanced against the need for 
practicality in the measurement process. A grid of 300 mm (Carter, et. al., 1989b) 
has been suggested as the most accurate means of calculating average 
illuminance. In this study the number of measurement points is generally 18(RI) 
(Carter, et. al., 1989b), which is claimed to achieve 5% accuracy compared to the
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300 mm square grid.
The measurement grids have been placed to avoid coincidence with the SHR of 
the luminaire.
10.5. Results of the Lighting Survey
A range of measurements has been made within each room. The data is shown 
on Tables for each room and these are included in Appendix A. Results are 
summarised on Table 5.2.
The recent requirements concerning the diversity of illuminance (CIBSE, 1994) 
has only been considered for 3 rooms. The placing of the measurement grid a 
minimum distance of 0.5 m away from any major obstruction has been exceeded 
in the remaining 56 rooms.
The position and size of furniture, notice boards, shelving and chalkboards was 
recorded. Not all of this information has been shown on the tabulated data 
although it has been included in the overall determination of reflectance of 
room surfaces and floor cavities.
55 No. of the rooms were furnished with movable open sided furniture which 
was subject to changes in layout to suit particular lessons /tutorials.
There were 12 different types of linear luminaire containing fluorescent lamp(s) 
in the survey. Photometric data for all the luminaires was obtained from a 
manufacturer and is included in Appendix B.
Luminance measurements were taken 1.2 m above floor level in positions as 
described in CIBSE TM10 (CIBSE, 1985). In 36 rooms the measured luminance 
was >200 cd/m 2-. The greatest measured luminance was 11000 cd/m 2- on part of a 
bare lamp.
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Although an examination of glare was not a specific aim of this study, many of 
the rooms surveyed were unpleasantly glarey.
An arithmetic mean of the illuminance measurements has been determined for 
each room. The overall average illuminance for the 59 rooms is 255 lux. When 
compared to the recommended average illuminance of 300 lux (CIBSE, 1984; IES 
(London), 1973b; DES, 1981), 45 of the rooms (76%) failed to meet the 
recommended illuminance.
The lowest average measured illuminance was 82.45 lux.
The dispersion of average illuminance, as measured by the Sd for each of the 
room measurement sets, was considerable. 5 rooms have an Sd of >100 lux. This 
is generally due to low illuminance measurements around room perimeters and 
corners.
In 36 of the rooms (61%) the DES recommendation of a minimum illuminance 
of 150 lux (DES, 1981) on the working plane was not met. 18 of the surveyed 
rooms failed to meet the 1959 statutory requirements for school lighting (HMSO,
1959) of 107 lux. Illuminance <107 lux makes the visual task difficult for children 
(Hopkinson, 1963)
No room in the survey had a RI <1.0. 15 rooms had an RI >2.0 with the largest RI 
= 2.91. This narrow range is within that shown on the photometric data to be 
provided with a UF >0.8
No room achieved a UR of 0.8. The overall average UR = 0.53. This is generally 
due to low illuminance measurements around room perimeters and corners.
The vertical illuminance on the chalkboards in all the surveyed rooms failed to 
meet the recommendation (IES (London), 1973b) of 500 lux. The highest recorded 
illuminance was 293 lux.
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The information concerning the maintenance regime for each site was obtained 
as part of the survey. The maintenance regime for all sites was similar.
Evidence of poor maintenance was evident in 43 room (73%).
Lamp flicker was evident in 8.5% of the rooms.
Hum was detected in 37.5% of rooms.
Some minor damage to diffusers was evident in 16.9% of rooms 
A severely discoloured diffuser was found in 44% of rooms.
Although the results from this study cannot be universally applied they are a 
disturbing account of poor lighting in classrooms.
10. 6. Calculation Methods
10.6.1 Direct Illuminance
A concise review of the methods of determining of coefficients of utilisation was 
carried out by Bean (Bean and Bell, 1976) which brought together the previous 
work of Harrison and Anderson (Harrison and Anderson, 1920a), Moon and 
Spencer (Moon and Spencer, 1946c), Jones and Neidart (Jones and Neidart, 1953) 
Lynes (Lynes, 1959) and Phillips and Prokhovnik (Phillips and Prokhovnik,
1960). The need to consider the direct and inter-reflected components of 
illuminance in the determination of total illuminance through the method of 
coefficients of utilisation was adopted by CIBS and incorporated into TM5, which 
remains in common use.
The direct component of illuminance can be determined by the inverse square 
law, although the Aspect Factor method (IES (London), 1968) was developed for 
conditions where this is not applicable. In this study the Aspect Factor method 
has been used in the AMAZON computer programme to predict the direct 
component of illuminance.
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This method assumes that:
(a) the axial intensity of the luminaire is similar at all angles of altitude, 
which is a reasonable assumption for the luminaires found in this study.
(b) linear luminaires have no width, although three of the luminaires are of 
single lamp type they have a measurable width.
Although seven of the luminaire types in the study could be considered as area 
sources, and therefore their direct illuminance contribution could have been 
determined by the method proposed by Bell (Bell, 1973), it was not possible to 
modify the AMAZON computer programme.
The method described by Sorensen (Sorensen, 1987) for the determination of 
direct illuminance has not been used in the AMAZON computer programme. 
The Aspect Factor method takes advantage of the computational efficiency 
associated with the interpolation of tabular data in a similar way to that described 
by Sorensen.
10.6.2 Indirect Illuminance
The method described by Sorensen (Sorensen, 1986) for the treatment of inter­
reflections has been used in the AMAZON computer programme. This assumes 
that an imaginary hemisphere is placed over the point of consideration and that 
the solid angles associated with the various room surfaces, as projected onto this 
hemisphere, are weighting factors for the determination of inter-reflected flux. 
Form factors (CIBS, 1980) are used to determine the luminance of the major 
room surfaces, although the AMAZON computer programme uses the model as 
described by Phillips and Prokhovnik (Phillips and Prokhovnik, 1960) as Method 
C. The room consists of three surfaces, the working plane, the plane of the 
luminaires and the walls.
The examination of the finite element method by O'Brien (O'Brien and Howard,
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1959) assumed a general case for inter-reflections in rooms. These assumptions 
are features of the AMAZON computer programme.
A computer programme developed by Plant and Archer ( Plant and Archer, 1973) 
was based on a finite element approach and used some of the simplifications as 
explained by Sorensen ( Sorensen, 1986). When the intensity distribution of 
luminaires was assumed to comply with the BZ classification the programme 
was claimed to give a 15% accuracy.
The AMAZON programme, because of the ability to input actual intensity 
distributions for luminaires and the alternative method of calculating the inter­
reflected component should give an accuracy better than that claimed by Plant 
and Archer (Plant and Archer, 1973)
10.6.3 Developments in Calculation Methods
The following developments have taken place prior to, or at the same time as 
this study. In this way they take forward the calculation method in a manner 
which the AMAZON computer programme cannot do. They are mentioned here 
as benchmarks for use in any subsequent evaluation of the accuracy of computer 
programmes.
DiLaura considered the need for computational efficiency in obstructed interiors 
(DiLaura, 1981) by using a co-ordinate geometry system for the room and 
obstructions and Fourier analysis to simplify the calculation procedure. This 
approach minimised some of the errors associated with the finite element 
approach where elements are adjacent to each other. DiLaura then considered 
the indirect component as two components (DiLaura, 1982). The first considered 
the contribution after a first bounce reflection of a surface and the second after all 
subsequent reflections. This method has been used in the Lumen Micro 
computer programme, from Lighting Technologies.
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The UDIP method as described by Brackett and others (Brackett, et. al., 1983) 
developed the first and subsequent bounce method proposed by DiLaura 
(DiLaura, 1979) and extends the hemisphere method described by Sorensen 
(Sorensen, 1986). This has been used by Carter (Carter and McEwan, 1988a) in the 
development of a computer programme to predict the influence of obstructions 
above the working plane on working plane illuminance.
The Monte Carlo method (Sparrow and Cess, 1966), although relatively new 
when applied to lighting calculations (Tregenza, 1981), offers the possibility of 
visualisation on a computer screen and enhanced accuracy, even in obstructed 
rooms. The number of computations mean that calculation times are long, 
although the development of new hardware will reduce this time in the future. 
In this sense it is not a lighting design tool for engineers, who require reasonably 
accurate results quickly.
The COPHOS computer programmes described by Egger (Egger, 1884) are able to 
take account of obstructions and local "inserts" of different reflectance. The 
programme can quantify some of the effects of obstructions above the working 
plane.
The validation of an alternative computer programme (Stockmar, 1986; Slater, 
et. al., 1987) has been described for an unobstructed interior. Accuracy was ±10%.
Slater (Slater, et. al., 1987; Slater, 1989) reported the accuracy of a suite of 
computer programmes which are capable of determining illuminance from 
asymmetric luminaire arrays. The differences were adjusted using normalisation 
factors, as used in this study, to give close agreement. The interior used for the 
comparison was unobstructed.
10.6.4 The AMAZON Computer Programme
The programme assumes that the general conditions as described in CIBS TM5
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apply.
The range of all input parameters is defined and the interface of the AMAZON 
programme is user friendly.
The direct illuminance is calculated in accordance with IES Technical Report 
No. 11, Part A (IES (London), 1968).
The indirect illuminance is calculated as the method described by Sorensen ( 
Sorensen, 1986), assuming that the room complies to that described as Method C 
by Phillips and Prokhovnik (Phillips and Prokhovnik, 1960).
The luminaires found in this study have been stored in a luminaire database. 
This is accessed by the AMAZON programme.
The AMAZON computer programme requires the input of a Maintenance 
Factor, calculated in accordance with IES Technical Report No.9, for the 
illuminance calculations. These have been determined from information 
obtained from the owners/occupiers of the building.
The recent developments in computer programmes have increased accuracy 
compared to that offered by the AMAZON programme. However they require 
detailed information concerning the interior which may not be available to the 
lighting designer. There is a need for a modification to the results of the 
calculation method used in the AMAZON programme to account for the effects 
associated with real interiors. It should be remembered that the calculation 
methods used in the AMAZON programme are of industry standard type and 
are examples of good design practice.
10.7 Comparison Between Measured and Predicted Results
The extent and relative accuracy of this survey compares well with other surveys
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in real interiors.
The AMAZON programme uses sound calculation methods which have been 
accepted as good practice (IES (London), 1967 and 1968; Phillips and Prokhovnik, 
1960; CIBS, 1980; CIBSE, 1984)
The matching of measured and predicted WP illuminance which has been 
achieved by Slater (Slater, et. al., 1987; Slater, 1988 and 1989), Egger (Egger, 1988) 
and Carter (Carter and Bougdah, 1992) has not been achieved in this study. The 
programmes used in these studies have been modified to account for the 
influence of obstructions and in this study real interiors have been examined.
The use of Maintenance Factors (IES (London), 1967) based on LDL's would be 
expected to produce measured illuminance values > predicted (Slater, 1989). This 
has not been shown here where measured illuminance values are consistently 
below those predicted.
The calculation of an alternative percentage difference modulus to that proposed 
by Bougdah (Bougdah and Carter, 1991) and Slater (Slater, 1989), between 
measured and predicted illuminance has identified eight rooms where 
significant differences due to practical "as found" factors exist.
The percentage differences between predicted and measured illuminance as a 
function of measured illuminance have been determined. The correlation 
coefficients are generally negative indicating that there are greater differences 
between predicted and measured illuminance at measurement points where the 
measured illuminance is low.
The results of the survey show that there is a general inaccuracy in the prediction 
of illuminance.
The correlation between predicted and measured illuminance is generally
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positive. This indicates that the prediction method is capable of determining the 
general increase and decrease in illuminance on the measurement grid as 
confirmed by actual measurement.
The predicted UR is consistently higher than the measured UR and generally 
shows less variation. This contrasts with some of the results by Carter (Carter 
and Bougdah, 1992) although the slight increase in UR as the luminaire 
approaches an optimum SHR is common.
The influence of six different characteristics on the variation of UR with SHR 
for measured and predicted values was considered. This used 43 measurement 
sets, termed "SET X". The results from SET X are consistent with those from all 
the measurement sets.
10.8 Factors Relating to Inaccuracy Between Measured and Predicted 
Illuminance
The Maintenance Factors for the luminaires has been determined in accordance 
with IES Technical Report No. 9 (IES (London), 1967). This approach has been 
adopted because:
(i) The AMAZON computer programme would accept these values. It would 
also accept any other factor since it treated them as correction factors 
within the computation procedure.
(ii) Whilst the cleaning interval was known the burning hours of the lamps 
were not.
(iii) The assumptions to be made for the Light Loss Factor method were 
similar to those associated with the Maintenance Factor method.
Part of the difference between measured and predicted illuminance could be 
eliminated by the revision of maintenance factors downwards. For several of the
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luminaires this would mean that whole installations were maintained 
substantially differently from the evidence supplied by the owner/occupier.
The use of the 2000 hours Lighting Design Lumen output of the lamps is likely to 
under estimate the actual output of real installations since spot replacement of 
lamps is likely to have occurred. This difference is likely to compensate for older 
lamps of low output in the installation.
Within the practical constraints placed on this study the number of 
measurements points in the rooms has achieved in all cases a relative accuracy 
of <9%. The 300 mm square measurement grid has been assumed to provide the 
ideal accuracy (Carter, et. al., 1989b). The average relative accuracy for all the 
rooms is 6.71%. This assumes that individual rooms accuracies of <5% are 
assumed to be 5%.
This approach compares well with other work (Carter, 1984; Loe, et. al., 1986).
In 7 No. rooms there were re-entrant corners. The number of measurement 
points has been based on the room index of the enclosing dimensions of the 
room, rather than treating the room as two rooms. This will reduce the relative 
accuracy in these rooms.
There were 12 No. repeat measurements on particular rooms. These showed 
differences of <5% and compares well with repeat measurements in another 
survey (Cook and Hill, 1993).
The reflectance of room surfaces was determined by reference to the luminance 
of a barium sulphate white surface and 11 No. colour card samples. The 
reflectance of these surfaces was initially determined using a HunterLab 
Tristimulus Colorimeter. The reflectance of the samples was later measured in a 
Beckman ACTA M-Series Spectrophotometer. The results from the 
spectrophotometer are considered to be more accurate and give a 6.3% higher 
reflectance value than those obtained from the HunterLab Tristimulus
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Colorimeter. The HunterLab values have been used in the AMAZON computer 
programme and therefore the reflectance within the rooms has been 
underestimated.
The reflectance of the walls of the surveyed rooms was used as an area weighted 
total in the AMAZON computer programme. In many cases the wall surface was 
divided into smaller areas of different reflectance. This will influence the 
illuminance predicted at points close to the wall and corners of the room. It is a 
source of inaccuracy of the AMAZON computer programme.
All of the surveyed rooms contained desk and chair furniture. The effective 
reflectance of the floor cavity was determined from the effective reflectance of 
the desk cavity and the reflectance of the desk surfaces.
The effective reflectance of the desk and floor cavity has been determined as that 
method recommended by the CIBSE (CIBSE, 1984), which gives similar results to 
that proposed by O'Brien (O'Brien, 1965a and 1966).
The reflectance of the side walls of the desk cavity has been measured to take into 
account the effect of the open sided furniture in 58 of the rooms.
The relative size and position of the luminaires in many of the rooms is such 
that the inverse square law, as used in the production of photometric data (BS, 
1975), does not apply.
The assumptions made in CIBS TM5 (CIBS, 1980) concerning photometric data 
are acceptable for the determination of overall illuminance on a working plane. 
In this study the variation of luminaire intensity for 6 No. of the luminaires is 
different to the average values used in CIBS TM5. The use of these values, which 
are currently being measured as part of the TM5 requirements, would allow for a 
more accurate determination of direct and inter-reflected illuminance through a 
revision of the shape of the zonal multiplier.
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In this study 91.5% of the rooms have uniformity ratios less than the predicted 
ratios. The assumption in CIBS TM5 is that the uniformity ratio will be more 
than the predicted value.
Although there is evidence of a variation in uniformity ratio which is similar to 
that found in studies where there are obstructions above the working plane, this 
study has only examined rooms with obstructions below the working plane.
10.9 Conclusions of the Sports Hall Experiment
WP illuminance was affected by the degree of floor cavity obstruction and the
(pfc) caused by the three measurement conditions. A relationship between WP
illuminance and (pfc) exists for this room under the conditions existing at the 
time of the survey.
Although the relationship has been assumed to comply with Equation (128), this 
has been developed from an assumed average value for the side wall of the desk
cavity (pwc). This value, as the other values found in the survey, is based on 
actual measurements of the desk cavity. Due to the open nature of the furniture 
the complete accuracy of these values may be questioned.
The range of illuminance variation of 60 lux in the Sports Hall is small 
compared to the degree of variation found in the larger survey. When Equation 
(128) is applied to these differences the reflectances of the floor cavity are real but 
when equated back to the reflectances of the desk cavity, they are impractical, 
many giving a (pwc) of >1.0. The (pfc) value is therefore useful as a correction 
factor to quantify a difference in WP illuminance by a change in floor cavity 
reflectance. This correction factor will take account of the degree of obstruction 
within the floor cavity, since Equation (128) was obtained from a room with a 
similarly obstructed floor cavity.
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The modification of the predicted illuminance by Equations (118) and (119) to 
provide an illuminance more likely to occur in practice based on the results of 
this survey, offers another opportunity to compare the practicality of Equation 
(128). Because the formula derived illuminance will be, for certain rooms, > and
< the measured illuminance, the (pfc) values will be positive and negative. Due 
to the large difference between predicted and measured illuminance there were 
only 18 roomswhere (pfc) was negative. The difference in illuminance between 
predicted and that derived by Equations (118) and (120) could be explained by 
practical reflectances for 5 rooms. The differences in illuminance in these rooms 
was small.
The relationship between predicted illuminance, percentage difference from 
measured illuminance, measured illuminance and the difference in floor cavity
reflectance (pfc) as determined by Equations (118), (120) and (128), is shown on 
Table 10.1.
Research into the influence of floor cavity obstructions in a range of interiors, 
including those containing standard obstructions (Hill and Cook, 1994) is 
currently progressing under my supervision at The University of Reading.
10.10 Further Work
There is a need for more surveys of real installations which can be used to 
measure the relative accuracy of this work. This should involve the use of the 
300 mm grid spacing of illuminance measurements rather than the spacings 
used in this study.
The relative accuracy of the method of prediction of maintenance effects requires 
validation in real interiors. This work should use real interiors which are 
obstructed above and below the working plane.
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Table 10.1 Differences in illuminance from values predicted by the AMAZON
computer programme and corresponding differences in pfc found from the \
Sports Hall Experiment 3
Predctd. %age Diff. Meas. Diff. in Predctd. %age Diff. jMeas. Diff. in
Illumince. to Meas. Illumince. pfc Illumince. to Meas. 3 Illumince. pfc
<*> Illumince. {****) (*) Illumince. j (***)
(lux) (**)(%) (lux) (lux) (**)(%) } (lux)
70 13.81 60.34 0.13 390 33.07| 261.02 051
80 14.41 68.47 0.14 400 33.67] 265.31 0.52
90 15.01 76.49 0.16 410 34373 269.47 053
100 15.61 8439 0.17 420 34.88 j 27352
110 16.21 92.16 0.18 430 35.48f 277.44 0.56
120 16.82 99.82 0.19 440 36.08] 281.25 0.57
130 17.42 107.36 031 450 36.68 ] 284.93 058
140 18.02 114.77 0.22 460 37.283 288.49 059
150 18.62 122.07 033 470 '37.893 291.93 0.60
160 19.22 129.24 034 480 38.49] 295.25 0.61
170 19.83 136.29 035 490 39.09 ] 298.46' 0.63
............. 180 20.43 143.23 037 500 39.69] 30154 0.64
190 21.03 150.04 038 510 40.29 ] 304*50 0.65
200 21.63 156.73 039 520 40.90] 307.34 0.66
210 22.23 163.31 030 0.67
220 22.84 169.76 031 540 42.101 312.66 0.68
230 23.44 176.09 0.33 550 42.70j 315.14 0.69
240 24.04 18230 0.34 560 43.30] 317.49 0.71
250 24.64 188.39 0.35 570 43.913 319.73 0.72
260 25.24 194.36 0.36 580 44.511 321.85 0.73
270 25.85 '200.21 0.37 590 45.11} 323.85 0.74
280 26.45 205.94 0.38 600 45.71] 325.72 0.75
2901 27.05 21155 0.40 610 46.31] 327.48 0.76
3001 27.65 217.04 0.41 620 46.92 ] 329.12 0.77
310 28.25 222.41 0.42 630 47523 330.63 0.79
320 28.861 227.66 0.43 640 48.123 332.03 0.80
330 29.46 232.79 0.44 650 48.72] 333.30 0.81
340 30.06 237.79 0.45 660 49.32] 334.46 0.82
350 30.66 242.68 0.46 670 49.93 ] 335.49 0.83
360 31.26 247.45 0.48 680 5053] 336.41 0.84
370 31.87 252.09 0.49 690 51.133 33720 055
380 32.47 256.62 050 700 51.73} 337.87 0.87
<*) Illuminance predicted by AMAZON computer programme \
(**) Percentage difference to measured illuminance from equation (118)
(***) Measured illuminance from equation (120) ... . ........ i . . ... ..... ,*^***^ Difference in pfc from equation (128) 3—i
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The relationship between working plane illuminance and effective reflectance of 
the floor cavity should be determined for a greater range of luminaires and 
intensity distributions than those reported here.
Lighting design computer programmes, similar to the AMAZON computer 
programme used in this study, require validation in real interiors. This would 
assist in establishing the proportionate difference in illuminance due to "as 
built" factors and inaccuracies in the illuminance prediction theory.
The assumptions used in CIBS TM5 concerning the application of circular zonal 
factors, inverse square law applicability and the averaging of intensity 
distributions requires re-examination. The growth in computer programming 
power will now allow programmes to use more data, but this must also increase 
the accuracy of the prediction theory.
Further examination of the relationship between uniformity ratio and spacing 
to mounting height ratio for interiors obstructed below the working plane is 
required. This would assist in validating and extending the results reported in 
this study.
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Survey Information of all rooms
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Table Ala Percentage Differences Room WPRM1
Predicted Illuminance (lux Ilium.
3371 315
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337 315
381.61 359.2Av. Ilium.
Ilium.
Measured Illuminance (lux)
1401 140
1341 1031
149 145
Av. Ilium 139.65 139
Percentage Difference 6053 6256
67.06 6491
65.101 72.01
55.79! 53.97
1 Aver.Normalisation Factor
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Table A2a Percentage Differences Room WPRM2
Av.
Predicted Illuminance (lux) Ilium.
241 314! 309! 314 241 283.8
450!351 445! 450 351 409.4
450!351 445! 450 351 409.4
314! 309i 314 241 j 283.8
Av. Ilium. 296 382! 377] 382 296] 347
Av.
Ilium.
Measured Illuminance (lux) 112 125! 1301 130 123! 124
150 167 j 200! 165 175! 171.4
160!166 182! 155 155! 163.6
108 120! 130. 125 112! 119
160.5Av. Ilium. 134 143! 143.8 141.3 145
60.19 57.93! 58.60Percentage Difference 53.53 48.96!
55.06!57.26 62.89 63.33 50.14
52.71 64.44 59.10 65.56
61.78 57.93!55.19 60.19 5353
Normalisation Factor 0.416 Diff.Aver. (%) 57.7
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Figure A2b Average percentage difference results for Room WPRM2
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Table A3a Percentage Differences Room WPRM3
Av.
Predicted Illuminance (lux) Ilium.
306 365! 365! 306 335.5
372 432! 432! 372 402
335 395: 335| j
432 3721 F
365 306 F
395! 365
372 432! 402
365!306 335.5
! A v. Ilium. ! 368338.2 397.8! 338.2
Av.
Ilium.
Measured Illuminance (lux) 155! 175:175 120 156.3
225 2001 225! 150 200
235 225! 175! 125 190
230!350 300! 160 260
350 300! 225! 150 256.3
2361 206!267Av. Ilium. 141 213
5753 52.05!Percentage Difference 42.81 60.78
53.70! 47.92139.52 59.68
29.85 43.04 55.70! 62.69
46.76!5.914 56.99
38.36! 50.98
0.577Normalisation Factor Aver. Diff. |(%) 41.9
5753 52.05!Percentage Difference 42.81 60.78
53.70! 47.92! 59.68Modulus 39.52
29.85 43.04 55.70! 62.69
3056! 46.76!5.914 56.99
3836!14.38 50.98
Aver. Diff. !(%) 43.4
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Figure A3b Average percentage difference results for Room WPRM3
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Figure A3bb Statistical analysis results for Room WPRM3
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Table A4a Percentage Differences Room WPRM4
Av.
Predicted Illuminance (lux) Ilium.
199117 299; 265 149 205.8
182!243 386;137 340 257.6
244 385 340 182! 257.6
198! 2971116 264 1491 204.8
221 341.8Av. Ilium. 126.8 302.3 16551 231
Av.
Ilium.
Measured Illuminance (lux) 57.6
95|
50!
122; 832
154! 120
110; 150. 110
..............
82.75Av. Ilium. 45.75 129! 99.25
75.17!7136! 69.90;Percentage Difference 72.65 72.83
70.371 6839!76.64 72.06
6230!56.93 7233!
73.15149.49!48.28 44.44 58.33
j L  i.....
j Aver, j Diff. j (%)0.356Normalisation Factor 64.4
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Figure A4b Average percentage difference results for Room WPRM4
ny = 76.4984 - 0.1471x R = 0.54
70-
Average percentage difference = 64.4%
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Figure A4bb Statistical analysis results for Room WPRM4
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Table A5a Percentage Differences Room WPRM5
Av.
Predicted Illuminance (lux) Ilium.
244 273! 275! 242 258.5
369 : 389!
“1 398j 424!
394! 360 378
429! 393 411
375 398! 405! 3701 j
263 T
387
267 290! 293! 278.3
330.6 ! 354.8Av. Ilium. 359.2 325.6 343
Av.
Measured illuminance (lux) 120
100 125! 148! 175 137
148 154 120j 180 150.5
180!180 175! 200 183.8
127 150! 140! 148 141.3
1382Av. Ilium. 125 134.2! 164.6 141
Percentage Difference 69.96!71.31 
72.90
50.41
67.87! 6244! 51.39
62.81 63.68 72.03! 54.20
54.77 56.79 45.95
52.43 48.28 43.73
0.410 Aver. (%)Normalisation Factor Diff. 58.7
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Figure A5b Average percentage difference results for Room WPRM5
y = 84.0103 - 0.1804x R = 0.70
70-
^  _ Average percentage difference = 58.7%
50 -
1000 200 300
Measured illuminance (lux)
Figure A5bb Statistical analysis results for Room WPRM5
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Table A6a Percentage Differences Room WPRM6
Av.
Predicted Illuminance (lux) Ilium.
3561 390 394; 348 372
445 473 479 426 455.8
4581 488 487! 422 463.!
530:513
418
515! 439 499.3
432!443! 362 413.8
Av. Ilium. 461.4 399.4 441
Av.
Ilium.
Measured Illuminance (lux) 250 245! 170 120 196.3
425 325 230] 120 275
510 375! 245! 122 313
615 250!425! 127 354.3
190:450 300! 127 266.8
217 123.2Av. Ilium. 450 334! 281
Percentage Difference 56.8529.78 37.18 65.52
51.984.494 3129 71.83
49.6923.16 71.09-11.4
-19.9 19.81 51.46! 71.07
56.02!-7.66' 3228 64.92
0.637Normalisation Factor Aver. Diff. (%) 375
Percentage Difference 29.78 56.85!37.18 65.52
4.494 51.98!Modulus 31.29 71.83
23.16] 49.69! 
19.8if 51.461
11.35 71.09
19.! 71.07
7.656 32281 56.02! 64.92
A ver.! Diff. (%) 41.4
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Figure A6b Average percentage difference results for RoomWPRM6
y = 91.9151 - 0.1937x R = 0.9760-
Average percentage difference (modulus) = 41.4%
40-
EK^ I Average percentage difference = 37.5%
20-
-20"
100 200 300 400 500 600 700
Measured illuminance (lux)
Figure A6bb Statistical analysis results for Room WPRM6
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Table A7a Percentage Differences Room WPRM7
Av.
Predicted Illuminance (lux) Ilium.
323 382| 401 399 383 j 310! 
5633 449!
366.3
478 561 5871 577 535.8
478 561 587 577 563] 449: 535.8
382!323 401 399 310' 366.3
400.5 ! 4715Av. Ilium. 494! 488 4731 379.5 451
Av.
Ilium.
Measured Illuminance (lux) 115! 115 90.17
130 155! 180. 200 145! 150.8
130 150! 140, 125 1201 122.5
Av. Ilium. 105 120! 130.5! 131.3 1025 685 110
Percentage Difference 72.14 75.92 7132! 71.18 81.72 80.97!
7237!72.80 69.34! 65.34 74.25 78.84
76.15 78.3472.80 73.26! 78.69 84.41
78.27!78.33 7830! 78.70 80.42 83.87!
Normalisation Factor 0.243 Aver. Diff. (%)
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Figure A7b Average percentage difference results for Room WPRM7
y = 87.2867 - 0.1015x R = 0.84
80-
Average percentage difference = 76.2%
70-
1000 200 300
Measured illuminance (lux)
Figure A7bb Statistical analysis results for Room WPRM7
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Table A8a Percentage Differences Room WPRM8 i i
I 1 Av.
Predicted Illuminance (lux) Ilium.
271 337 332 337| 271] 309.6
331 410 393 410j 3313 375
309 375 376 375] 3093 348.8
331 410 393 4101 331j 375
271 337 332 337] 2711 309.6
. .......f j
] J
| ]
Av. Ilium. 302.6 373.8 365.2 373.81 302.6S 344
i - ... i............ Av.
J 1 Ilium.
Measured Illuminance (lux) 128 157 137 130j 117] 133.8
178 215 182 \71\ 158]........... 181
156 183 161 1381 1143........... \...........i ........... 150.4
230 290 225 185] 152j 216.4
215 290 185 150j 130j 194
. . , . f 1| I
.........1 ....... 1 .... .... .
Av. Ilium. 181.4 227 178 155] 13423 175
.................. 1 3
t...........!
j 3
Percentage Difference 52.77 53.41; 58.73 61.42] 56.83]
46.22 47.56 53.69 58.05] 5227j
49.51 512; 57.18 63.2 63.113........ j ... 3....,... , ,
" ' 30.51 29.27; 42.75 54.88! 54.083
20.66 13.95; 44.28 55.49] 52.031
i !
i i
_ ... f......... I...........:
Normalisation Factor 0.509 ] j Aver. ---------1______!______ Diff. (%) j 48.9
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Figure A8b Average percentage difference results for Room WPRM8
y = 89.191 -0.23x R = 0.8660-
Average percentage difference = 48.9%50-
40-
30-
20-
200100 300
Measured illuminance (lux)
Figure A8bb Statistical analysis results for Room WPRM8
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Table A9a Percentage Differences Room WPRM9
Av.
Predicted Illuminance (lux) Ilium.
1881 273; 331 299 209! 260
2131 320! 393! 355 242: 304.6
246! 3771 471 424 283! 360.2
216! 328! 406! 362 311.6
341 307 210; 264.8
388.4!210 315.4 349.4Av. Ilium. 238! 300
Av.
Ilium.
Measured illuminance (lux) 147! 172! 180 113! 138.8
107! 145! 205! 237 123! 163.4
140! 187! 172 1101 138.4
112! 150! 182 115! 126.2
109! 137! 130 104.2
82.8 130.6! 170.2; 180.2Av. Ilium. | 1072j 134
! 56.38! 46.15 
49.771 54.69
48.04!Percentage Difference 39.80 45.93
47.84! 33.24 49.17!
66.26 62.86; 60301 59.43 61.13
66.67 65.85 63.05! 49.72 5325
62.57! 60.93 57.65 64.29
0.446i 1 Aver. Diff. (%)Normalisation Factor 55.4
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Figure A9b Average percentage difference results for Room WPRM9
y = 72.6312 -0.1285x R = 0.64
□ □
60-
Average percentage difference = 55.4%
50-
40-
1000 200 300
Measured illuminance (lux)
Figure A9bb Statistical analysis results for Room WPRM9
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Table AlOa Percentage Differences Room WPRM13
Av.
Predicted Illuminance (lux) Ilium.
364299 356! 356 299! 334.8
454!377 450! 450 377! 421.6
358 428! 429! 428 358! 400.2
377 450! 454! 450 377! 421.6
364299 356! 356 299! 334.8
408! 413 408Av. Ulum. 342 342! 383
Av.
Ilium.
Measured Illuminance (lux) 290 170.200! 220 300! 236
320 220! 180 240 298! 251.6
290 180! 200220! 255! 229
310 230! 195! 180 300! 243
165!300 210! 160 260] 219
178Av. Ilium. 302 216! 236
53.30 38.20! -0.33Percentage Difference 3.010 43.82 
! 15.12! 51.11 6035 46.67! 20.95
18.99 48.60! 58.04 53.27 ! 28.77 
57.05! 60!..20.42]17.77! 4839
-033! 41.01! 54.67 55.06! 13.04
0.616 Aver. Diff. (%)Normalisation Factor 363
Percentage Difference 3.010 43.82 53.30! 38.20
60.35! 46.6715.12 51.11 20.95Modulus
58.04!48.60! 53.27 28.77!18.99
57.05!17.77 48.89 20.42
41.01 54.6710.334 55.06 13.04
3 Aver. (%)Diff. 36.4
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Figure AlOb Average percentage difference results for Room WPRM13
y = 119.9248 - 0.3548x R = 0.91
60-
□ □
Average percentage difference (modulus) = 36.4%40-
Average percentage difference = 36.3%
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Table A lla Percentage Differences Room WPDRM1
Av.
Predicted Illuminance (lux) Ilium.
698: 683!511 656.4
597 812! 801 6661 774
555 746! 780! 687| 769
664 795
547 658.1
554.3 752! 754.7! 819.61 7741 787.6'Av. Ilium. 624.4 731
Av.
Ilium.
Measured Illuminance (lux) 320! 385 3251 300 380!180 270 308.6
420i325 380! 275 368.6
380 480! 385! 280 393.6
290 365.8
185 283.8
386.6| 3513 370!406.7! 383.3:Av. Ilium. 295 260 348
64.77 56.261 56.90 46.18!Percentage Difference 54.15 43.63 51.61
52.841 54551 53.4145.56 4828 5256\ 58.71
50.64 53.281 52.943 52.66! 
53.88! 5355| 52.69
35.66!31.53 59.24
56.33
47.41! 55.95 60.37] 66.18
Normalisation Factor 0.475 Aver. Diff. (%) 525
A32
Figure A llb  Average percentage difference results for Room WPDRM1
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Figure A llb b  Statistical analysis results for Room WPDRM1
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Table A12a Percentage Differences Room YVPDRM2 | ! ; S| !
| jAv!
Predicted Illuminance (lux) 1 \ Ilium.
| 587 704 748 720} 592 I 670.2
590 737 848 889 852] 705 j 770.2
652 803 869 891 8521 706 | 7955
r ™ .. ... 572 701 742 752 720] 592 1 679.8
[ L j | |
: i|
...........4........... i
i I
Av. Ilium. 604.7 707 790.8 820 j 786} 648.8 j j 731
3 jAv.
j Ilium.
Measured Illuminance (lux) 143 300 280 159 110 j 198.4
125 187 280 270 210 145 [ 202.8
130 190 250 260 215 195 j 206.7
........................ 60 115 174 190 225 160 j 154
1
. .
........... | ...... ....
]
Av. Ilium. 105 1585 251 250 2023 152.5 190
1
Percentage Difference 75.64 5739 62.57 77.92 81.42 ............ j
78.81 74.63 6 6 m 69.63 7535 79.43 j
80.06 76.34; 71.23 70.82 74.77 7238 ........... 1............
8951 8359 7655 74.73 68.75 72.97 j
........... j
........................ :
r ^
i j
j
Normalisation Factor 0.259 Aver. Diff. (%) | 74.4
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Figure A12b Average percentage difference results for Room WPDRM2
y = 93.3701 - 0.0997x R = 0.92
Average percentage difference = 74.4% 
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Figure A12bb Statistical analysis results for Room WPDRM2
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Table A13a Percentage Differences Room WPDRM3
Av.
Predicted Illuminance (lux) 1 Ilium.
4141 4981 526 504 ! 421]
535] 661! 697 667 ; 556!
472.6
623.2
706___6791 56615441 j 633.2
 j 436 526] 563] 530} 446} j 500.2
Av. Ilium. 482.3] 58$ 623 595 \~4§73\ 557
Av.
Ilium.
Measured Illuminance (lux) 360j 410! 420 400 ! 300]
1 j 520] 560! 550 520 : 480|
j! 5601 480! 340 410! 490!
378
526
456
3501 340! 210 290 302
447.5] 4475 380 405 : 39751Av. Ilium.
19.72] 3536! 62.70 45.28: 28251
0.745] ! Aver. Diff. :(%)Normalisation Factor
] A ver.! Diff. ! (%) 25.1
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Figure A13b Average percentage difference results for Room WPDRM3
60- y = 73.3878 - 0.1168x R = 0.74
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Average percentage difference (modulus) = 25.1%
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Table A14a Percentage Differences Room WPDRM4
Av.
Predicted Illuminance (lux) Ilium.
486 465! 390]
623 589 491|
390 465 439.2
589491 556.6
589i 493|493 589 623! 557.4
386 463 485! 463 386| 436.6
554.3! 526.5Av. Ilium. 440j 497
Av.
Ilium.
Measured Illuminance (lux) 320 280]380! 370 335
460 : 520! 500
450 ! 490! 460
430 400! 462
460 420! 456
310 320; 310. 350 306
4275Av. Ilium. 385 410; 391.3 335! 390
Percentage Difference 17.95 1828 23.87 30.11 28.21
6.314 11.71 19.74! 26.99 1853
8.722
19.69
16.81 26.16! 21.90 14.81!
30.89 36.08! 24.41 37.821
Normalisation Factor 0.783 Diff. !(%)Aver. 21.9
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Figure A14b Average percentage difference results for Room WPDRM4
y = 49.5094 - 0.0707x R = 0.68
30-
h Average percentage difference = 21.9%
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Table A15a Percentage Differences Room WPDRM5
Av.
Predicted Illuminance (lux) Ilium.
675 775;842! 867j 753;
_
496! 734.7
840 1003 958 630! 896.3
1003 996!863 1003 941 627! 776.1
1003 979853 1003 950 775.7
798!694 869! 899 770 520! 650
Av. Ilium. 785 944; 901.2! 955 871.6 583! 840
Av.
Ilium.
Measured Illuminance (lux) 320 ! 470! 400 620 5201 320! 441.7
320 430! 500! 730 700! 475! 525.8
380 480! 5001 720 690! 440! 535
575460 660! 695 680! 380! 575
420 540! 490! 600 660! 240! 491.7
371|___493;Av. Ilium. 380 516! 673! 650! 514
Percentage Difference 52.59 44.18 4839; 28.49 30.94 35.48!
47.8161.90 57.13 27.22 2535 24.60 
29.82" 
40.81 ~
49.80!55.97 52.14
46.07 41.27*3420!
39.48 37.86 38.60: 53.85
0.611 (%)Normalisation Factor Aver. Diff. 333
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Figure A15b Average percentage difference results for Room WPDRM5
y = 70.9633 - 0.0625x R = 0.73
60-
50-
40- n Average percentage difference = 33.3%
30-
20-
400200 300 500 600 700 800
Measured illuminance (lux)
Figure A15bb Statistical analysis results for Room WPDRM5
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Table A16a Percentage Differences Room WPDRM6
Av.
Predicted Illuminance (lux) Ilium.
5641 653! 7961 672 578! 652.6
751 810! 1003 857 836
1003831 880 706! 823.2
744 802! 1003 862 I 835.4
517 601 727] 1 602.8634
Av. Ilium. 654.4 739.4 906.4 781 668.83 750
Av.
j Ilium.
Measured Illuminance (lux) 295 400! 315! 320 215 309
440
575!
580 645! 645! 500 562
460 620! 700 620
600 660 620 585 560] j 605 
! 419470 465! 5351 325 300!
Av. Ilium. 481 558! 563 470 418 j 498
Percentage Difference 47.70 38.74 60.43! 52.38
22.77 2037! 35.69! 41.66 42.03
33.91 2539 29.55 1836!
19.35 j 17.71 
9.0911 22.63
38.19! 32.13
26.41 48.74 43.93)
Normalisation Factor 0.664 Aver. Diff. 33.9
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Figure A16b Average percentage difference results for Room WPDRM6
y  =  7 0 . 6 2 2 9  -  0 . 0 7 3 8 x  R  =  0 . 7 4
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Table A17a Percentage Differences Room WPDRM7 i 3
;T------- 3...........
L...........j.......... Av.
Predicted Illuminance (lux) ___ Ilium.
253 306 333 331 303] 247 295.5
322 395 426 424 3881 313 378
!........................ 294 353 379 375 | 345! 288 339
| 297 349 376 376 ! 350| 289 339.5
319 396 426 423 388? 313 377.5
249 308 327 329 ' 3 0 0  245 293
j
.................. j
| A v. Ilium. 289 | 3512 377.8 376.3 ! 345.7 282.5 337
j Av.
Ilium.
Measured Illuminance (lux) 200 230 200 220 180] 180 201.7
240 280 270 290 265 210 259.2
180 240 250 240 230 160 216.7
190 190 220 230 2101 120 193.3
200 190 270 250 220 160 215
, , 140 170 200 190 160 140 166.7
........................ j
j
Av. Ilium. 191.7 216.7 235 236.7 210.8! 161.7 209
1
Percentage Difference 20.95 24.84 39.94 33.53 ^ 40393 27.13
25.47 29.11 36.62 31.60 31.70 32.91
38.78 32.01 34.04 36 33.333 44.44
36.03 4556 41.49 38.83 40 58.48
37.30 52J02I 36.62 40.90 4330} 48.88
43.78 44.81 3834 42.25
"
46.67] 4236
....... }
j :
Normalisation Factor 0.619 3 Aver.
--------------- 3__________
Diff. (%) | 38.1
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Figure A17b Average percentage difference results for Room WPDRM7
y = 61.7401 - 0.1132x R = 0.60
40-
Average percentage difference = 38.1%
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Table A18a Percentage Differences Room WPDRM8
Av.
Predicted Illuminance (lux) Ilium.
296 362! 339! 362 296! 331
346 385!422! 422 346! 384.2
360 438! 403! 438 3591 399.6
ij 422| 385!
296! 362! 339!
422 384.2
362 296j 331
328.8Av. Ilium. 4012! 370.2! 401.2 328.6! 366
Av.
Ilium.
Measured Illuminance (lux) 220 240! 210! 200 160! 206
240
230
245! 240! 260 230! 243
270!280! 360 280! 284
190 230! 245! 340 2901
240j
259
110! 200! 280 184
Av. Ilium. 194 221 233! 288 2401 235
Percentage Difference 25.68 33.70! 38.05! 44.75
30.64 41.94 37.66 38.39 3353
36.07! 33.0036.11 17.81 22.013
45.09 3636s4550! 19.43 16.18
41.00! 22.65 18.92
0.642 Diff. (%)Normalisation Factor Aver. 36.0
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Figure A18b Average percentage difference results for Room WPDRM8
y = 82.8987 - 0.1995x R = 0.87
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Table A19a Percentage Differences Room WPDRM9
Av.
Predicted Illuminance (lux) Ilium.
2791 279!241 241 260
290 
: 300
3331 333! 290 311.5
3441 344 300 322
333 333!290 290 311.5
279) 279 241241 260
313.6 313.6 272.4Av. Ilium. 293
Av.
Ilium.
2601 240 240Measured Illuminance (lux) 220 240
310 310!310 290 305
300 315!320 280 303.8
280 315!280 275 287.5
245 260235 215 238.8
2791 2881273 260Av. Ilium. 275
6.810 13.98!Percentage Difference 8.714 0.414
6.907 6.907!-6.90
12.793 8.430, 6.667
15.92 5.405! 5.1723.448
12.19 6.810!2.490 10.79
0.938Normalisation Factor (%)I Aver. Diff. 6.01
8.714 6.810 13.98!Percentage Difference 0.414
6.897 6.907 6.907Modulus
6.667 12.79 8.430' 6.667
15.92 5.405! 5.1723.448
12.19 6.810! 10.792.490
Aver. Diff. (%) 737
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Figure A19b Average percentage difference results for Room WPDRM9
y = 23.0564-0.062x R = 0.35
Average percentage difference (modulus) = 7.37%10-
Average percentage difference = 6.01%
-10
220 260200 240 280 300 320 340
Measured illuminance (lux)
Figure A19bb Statistical analysis results for Room WPDRM9
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Table A20a Percentage Differences Room WPDRMIO
Av.
Predicted Illuminance (lux) Ilium.
295!264 322! 322 264 293.4
303 333!368 368 303 335
346 385 314 348.8
303 368! 333! 368 303 335
264 295!322; 322 264; 293.4
289.6Av. Ilium. 353 320.4; 353 ! 289.6 321
Av.
Ilium.
Measured Illuminance (lux)! 245 ; 340] 340! 370 275 314
265 380! 360; 400
370; 360; 360
340! 349
260 335! 337
340!230 290! 390 320! 314
280 260!315 190 190! 247
256 332!Av. Ilium. 339! 342 292 312
Percentage Difference 7.197; -5.59 -15.3 -14.9 -4.17
12.54 -3.26 - 8.11 -8.70 -122
-6.69-4.05!17.20 3.896! 6.494
24.09 -2.10!2120! -5.98 -5.61
11.86 40.99 28.03
0.972 (%)Normalisation Factor Diff.Aver. 2.92
Percentage Difference 7.197 559 15.25! 14.91 4.167!
12.54 3.261 1.108! 8.696Modulus 1221
17.20 3.896; 4.046! 6.494 6.688
24.09 2.102! 5.978 5.611
6.061 2.174 11.86! 40.99 28.03
(%)Diff.Aver. 11.1
A59
Figure A20b Average percentage difference results for Room WPDRMIO
2
0)
0
60<6
>4-)
V
V-l0)&
a>
u
*73u
40-
y = 62.4691 - 0.1907x R = 0.80
30-
20-
Average percentage difference (modulus) = 11.1%
10-
Average percentage difference = 2.92% ,
0  r .  n□ 0 up
-10 -
100 200 300 400 500
Measured illuminance values
Figure A20bb Statistical analysis results for Room WPDRMIO
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Table A21a Percentage Differences Room STBENRM1 i .......... ;...........S
j
r _
Av.
Predicted Illuminance (lux) L...... f .......... Ilium.
309 362 380 381 379] 362 280| 350.4
405 471 494 4% 494] 469 404 461.9
412 482 504 515 "5043 480 411 472.6
364 428 458 472 458| 428 363 424.4
277 351 428 440 426] 349 276 363.9
292 361 3 77 360 347.5
! Av. Ilium. 353.4 i 397.7 4375 446.8 436.8] 417.6 346.8 408
j Av.
| ...]........... Ilium.
Measured Illuminance (lux) 210 170 200 260 280j 320 280 245.7
270 j 275 390 425 410! ^345 245 337.1
275 400 420 410 400! 400 440 392.1
230 260 400 400 380| 325 280 325
200 210 310 310 340] 125 160 236.4
. , ! , - 180 180 200 260 205
|
L |
Av. Ilium. 237 249.2 316.7 334.2 345! 303 281 297
3!“......... f...........
Percentage Difference 32.04 53.04 4737 31.76
, 2— j
0
33.33 41.61 21.05 14.31 i7.00j 26.44 39.36
33.25 17.01 16.67 20.39 20.633 16.67 -7.06
- ■ 36.81 3925 1256 15.25 17.03] 24.07 22.87
27.80 40.17 2757 29.55 20.193 64.18 42.03
3836! 50.14 46.95 27.78 j
. ........,,j ......
............! ... _ J ........... ............1
Normalisation Factor 0.727 j A ver.;Diff. (%> 28.1
1irrrmnnm_nn|..
3
---------
Percentage Difference 32.04 5334! 4737 31.76 26.121 11.60 0
Modulus 33.33 41.61 21.05 14.31 17l00| 26A4 39.36
33.25 17.01; 16.67 20.39 20.633 16.67 7.056
36.81 39251 12.66 15.25 1753 24.07 22.87
27.80 40.17! 2757 29.55 20.19] 64.18 42.03
38.36! 50.14; 46.95 27.78?
j ..........
I A ver.!Diff. (%) j 28.4
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Figure A21b Average percentage difference results for Room STBENRM1
y = 68.1006 - 0.1348x R = 0.8360-
40- □ □
rj_ Average percentage difference (modulus) = 28.4%
□□□20-
Average percentage difference = 28.1%
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Table A22a Percentage Differences Room STBENRM2
Av.
Predicted Illuminance (lux) Ilium.
1721 196! 188! 185.3
244!214 244! 234
201 249 269! 271 2883 271 258.2
2341 266! 272! 278 302 281 272.2
233 264! 269! 271 266 233! 256
216 183!____196 221 225! 224 210.8
Av. Ilium. 208.3 240! 244.5! 261 268! 241
Av.
Ilium.
Measured Illuminance (lux) 210 260! 260 243.3
320 360! 340 340
345 400! 385! 380 330 225 344.2
320 400! 410! 420 380 320! 375
315 380! 420! 420 385 325! 374.2
180 120! 280! 325 295 210! 235
Av. Ilium. 281.71 320! 349.2 386.3 347.51 270 324
Percentage Difference -22.1 -32.7! -38.3
-49.51 -475 -39.3
-71.6 -60.6 -43.1 -40.2 -14.61 16.97?
-36.8 -50.4 -50.7! -51.1 -25.81 -13.9
-35.21 -43.9! -56.1 
1 8.1631 45.70! -24.4
-55.0 -44.71 -395
-45.1 -36.6 -14.8
Normalisation Factor Diff. i(%)1.342 1 Aver. -34
Percentage Difference 22.091 32.65 38.3
39.34!Modulus
43.12! 40.22 14581 16.97!
50.74! 51.1 25.831 13.88! 
4474 j 39.4856.13! 54.98
8.16 j 45.7! 24.4 45.1 36.6 14.8
Diff. | (%)Aver. 385
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Figure A22b Average percentage difference results for Room STBENRM2
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Table A23a Percentage Differences Room STBENRM3 j
i | Av.
Predicted Illuminance (lux) j Ilium.
j 334 391 403 405 386] 325 374
388 447 467 465 4421 374 430.5
1 396 460 472 468 4491 377 437
i
V " "n'r
401 462 462 445 416j 353 423.2
I
L I* U  U L J Ij 1J | „ tuu JLIJ ut 387 436 418 j 413.7
1 323 366 344 1 344.3
! j
1 [ f
i Av. Ilium. 371.5 427 427.7 445.8 4233j 357.3 409
1 S Av.
i - j Ilium.
Measured Illuminance (lux) 180 190 210 230 240| 180 205
| 240 | 240 310 300 230] 210 255
| 200 240 265 255 125! 200 214.2
t| 215 245' 245 220 180! 160 210.8
£
t 240 240 280 : 253.3
. . . . I , . 110 160 195 : 155
........................
j
i 1
j Av. Ilium. 197.5 219.2 250.8 251.3 1933] 187.5 218
i 3
1 !
Percentage Difference 46.11 51.41 4739 43.21 3732] 4462
| 38.14 4631! 33.62 35.48 47.96] 4335
j 49.49 4733] 4336 45.51 72.16] 46.95
I 46.38 46 9^7 46.97 50.56 56731 54.67
i 37.98 44.95! 33.01
\ 65.94 56.28! 43.31
: !
.
.........................
.........................'
Normalisation Factor 0.532 j Aver. Diff. (%) 46.9
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Figure A23b Average percentage difference results for Room STBENRM3
80
y = 81.2573 - 0.1579x R = 0.85
70
60
Average percentage difference = 46.9%
50
40
3d
100 200 300 400
Measured illuminance (lux)
Figure A23bb Statistical analysis results for Room STBENRM3
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Table A24a Percentage Differences Room STBENRM4
Av.
Predicted Illuminance (lux) Ilium.
361 372! 372 360| 308! 347
401 462! 482! 480 4621 400! 447.8
387 453 467 467 435.2
362 420! 437s 438 405.8
Av. Ilium. 364.8 424! 439.51 439.3 423j 363.3! 409
Av.
Ilium.
Measured Illuminance (lux) 100 120j 110. 135 140 100; 117.5
160 155! 180 195 1901 175
2003 m
175.8
160 220; 220! 235 202.5
160 220, 180! 185 190 150! 180.8
Av. Ilium. 145 178.8 172.5! 187.5 1803 151.3! 169
Percentage Difference 67.64 66.76! 70.43! 63.71
60.10 66.45 62.66 59.38 58.87 5625!
58.66 51.43 49.68 55.753 53.25!
47.62 57.76 54551 5833!
0.413Normalisation Factor (%) 59.0
A71
Figure A24b Average percentage difference results for Room STBENRM4
y = 82.544-0.1393x R = 0.89
70-
60-
Average percentage difference ='59%
50-
1000 200 300
Measured illuminance (lux)
Figure A24bb Statistical analysis results for Room STBENRM4
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y = 220.8193 + 1.1122x R = 0.82
400-
□ □
300
0 100 200 300
Measured illuminance (lux) A72
A
D
D
IT
IO
N
A
L
 
S
U
R
V
E
Y
 
IN
F
O
R
M
A
T
IO
N
 
& 
P
R
E
D
IC
T
E
D
 
IL
L
U
M
IN
A
N
C
E
 
T
A
B
L
E
 
A
25
 
G
U
IL
D
F
O
R
D
 
T
E
C
H
N
IC
A
L
 
C
O
L
L
E
G
E
 
G
K
C
 
R
O
O
M
 
N
O
. 
G
T 6.69
Measurement grid
_-L
oo
~ 7CO
1  _
1---------------- 4 - -  +  -
O F I WZ
CO
a>Jh4H<U
s
. s
QJ
Ti
« !
cn  r -  t-h
OO i—i r j -  fn .
0 0 0 0
O
O  c+H ?  ^
a .  Q . Q . Q .
t-h  OO t- h
VO VO
d o d
II II II CO 
• £  
“ • 8l t l | - g> - o  . 
°  o
co co
<3 fliM Xvo
CO <N
u
<u
£
(N  P
VO ^
<L>
•3W )..
‘S ' S
o
0D ,O
c  S  
o  _
© O (D 43 O 3r t c u u z e
8  
Oo 
P
S I
io
PQoo
CO
t-H
o
£
uO
co
qju  • •
• 3 £
0^)
'Hb
* d
§
Oh
8«  (NJ
oo vq
t-H c 4
£
go
C"
I
£
O
o
£
<D
8
3
i-jlb'S"
I I - 3H  jh
H  m o  o g o«
w 8 & 
® §
* 
8  8  
c r  a "
o  o
o  o  
o  oO 00 
CN CN
II II
O  cd X  a = =
S e e  
S  o  o
s  N 5  e3 £  
h-1 p4 S  oo §  j  H
o  o  
P  <D8
J Q Q
0)
S f
s
S? b s  c r j  tN , thh TH«, \ J .
>  v o  On O s I n  ^  ts . 
<3<NCVI<NJ<MCNCN
a>
o
S3
A
a• PH
8
3p—H
P
T3
<U
Jh
vs
CJ
0)
o  o  o  o  o  o
JO O  CN O  OO O n 
CN CO CO CO CN CN
O  O  O  O  O  VO 00 O  GO T t vo  CN 
CN CO CO CO CO co
O  O  O  O  O  O
CO O - OO T t oo N -
CN CN CN CN t-h <N
O  O  O  O  O  Vo
T-h  M - m - t-»  CN K
CO CO CO CN t-h CN
o  o  o  o  o  o
lo  OO vo  N - C - N - 
CN CN CN CN th  <N
O O O O O M- t-h O  CN O M" ’—t 
CO CO CO CO CO CO
O  O  O  O  O  <N 
T f  VO T—( T—I O ’ °0  
CN CN CN CN CN CN
q j
9
Ss>
<
q jw
2 »<c,W '
^ crj p-i On On VO GO 0O O VO O N  Co
O n CN 
OO CN
d  CN
II II
THTtONt 
N  >o N
II II II II
CO 00 00
G §w o< p
QJu•PH
a
ss
x
3  x
h 3
>jo ^  O  N O in e 'N h  
CO CO VO in  CN
CO 
<■
CD
3  w
cd 00
H 0
S u
"2 ^  
a• rH
o
O h
II II II II II II
Jh
3  £  ed 'P•8 g
Sw ^  o
o  £ < !s i »
S e <
<3 GO
o  E S
8 l i
s  i t
s>
GO Td "8w  (1)
G-h
o
o
8ao
<
CN ON OO CN O-
d  d  d
3
31►—(
T3
V
T3
CJ
Jh
P
h  in  rH (N  tH  On<■ t-h co cn oo On co co <o
O  O  CN ON J>  VO 
O  ("- ON t"-- CO G~> 
T t N *
GO CO t— GO tM
O n VO !>■ C -^ <N N -
CO N  N  N  N  O -
N- O  O  VO GO <o CN O  CN O  VO Oo N- GO GO GO N- Nf
On th o  CO xf t \OO GO f» VO T-H Cr)CO xt xf xf Xt >
VO t^ r <• GO <N O  ON OO xt- VO N- <• <■ M* N- N*
O  OO CO xt xt O'
cn  r -  on  oo <■ vo
CO CO CO CO CO CO
0>
b£
cdu
QJ>■<
oq a
vo ^  co Z
* > 3
vo
CO
5
a
T3o
Table A25a Percentage Differences Room GTRM1
| r™"*Bur.....i... .......3 1 Av.
Predicted Illuminance (lux) | Ilium.
3201 406 389 424 395! 400 347! 383
451 500
4 7 Q
415! 450.6
393( 497 470 520 4771 492 431! 468.6
384| 484 463 506 474j 479 422!
. j i  n/u u n w i r u w i w
458.9
344] 445 414 465 425] 437 381! 415.9
j
f
] |
: Av. Ilium. 363.8 461.8 437.4 483 | 4465 j 455.6 399.2! 435
j | j Av.
!...........j ................... Ilium.
Measured Illuminance (lux) 240 310 250 310 230] 280 250! 267.1
260] 300 280 340 270j 300 300] 292.9
21oj 320 260 340 2803 350 320] 297.1
210 300 240 270 24d| 340 300] 271.4
240| §40 170 120 18of 360 280! 241.4
, _ ? ]
........... :............ ........... ............j 1 ................] .......................
i
Av. Ilium. 232! 314; 240 276 24oj 326 290] 274
3 {
i
Percentage Difference 25] 23.65 35.73 26.89 41.77) 30 27.95|
31.22! 37.il; 37.92 32 41.68] 36.17 27.71]
........................ 46.561 35.61 44.68 34.62 4l!i)j 285'6 " 25.75! !
- - 45.31^3852! 48.16 46.64 4937 29.02 28.91]
30.23] 23.60 58.94: 74.19 57.65| 17.62 26.51]
j 11 3".................. I
. . .  i H J 1 1 ~  1
! j \  \ I
Normalisation Factor 0 .629} ] A ver.: Diff. ] ( % )  : 363
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Figure A25b Average percentage difference results for Room GTRM1
y = 84.2044 - 0.1732x R = 0.8070-
60-
50-
□ □
40-
Average percentage difference = 36.8%
30- □ □
20-
100 200 300 400
Measured illuminance (lux)
Figure A25bb Statistical analysis results for Room GTRM1
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Table A26a Percentage Differences Room GTRM2
Av.
Predicted Illuminance (lux) Ilium.
272 355 404! 332 253! 323.2
279|343! 355!294 333 320.8
312 301 273! 319 2983
2373
300.6
242! 255 240
313.3 309.8 266^ 813103Av. Ilium. 296
Av.
Ilium.
Measured Illuminance (lux) 220 240! 260! 230 180! 226
200!280 ! 3001
  320 | 340;
280 270 266
360 300 2403 312
240 260! 280 240 180] 240
Av. Ilium. 265 285! 295 260 2003 261
3239 35.64!Percentage Difference 19.12 30.72
| 4.762 
1 -256
1254 21.13! 18.92 2832
-13.0 -31.9 5.956 19.463
24.0512.041 -7.44 -26.7! 5.882
0.881 Diff. (%)Normalisation Factor Aver. 10.4
3239 35.64!Percentage Difference 19.12 30.72
4.762 1254 21.13! 18.92! 2832j
19.46!______!
Modulus
2.564 12.96 31.87] 5.956
2.041 7.438 26.7! 5.882 24.053
Diff. (%)Aver. 18.6
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Figure A26b Average percentage difference results for Room GTRM2
Average percentage difference (modulus) = 18.6%
20-
Average percentage difference = 10.4%
y = 82.8935 - 0.2777x R = 0.70-20 -
200100 300 400
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Table A27a Percentage Differences Room GTRM3
Av.
Predicted Illuminance (lux) Ilium.
226 340! 352! 340 354 341 227 311.4
273 421 439! 418 383.1
278 435! 453 427 450! 435!
438] 425j
353|..... 341;
276 393.4
272 440421 417 268 383
227 351340; 340 227 311.3
Av. Ilium. 255.2 ! 391.4 407 388.4 406.83 393.2 253.2 356
Av.
Ilium.
Measured Illuminance (lux) 130 250! 240 240 250 200: 200 215.7
3001 240|150 280! 290 300 280 262.9
320'160 300! 320 3503 270! 320 291.4
300160 280! 310 310] 2401 280 268.6
140 290! 260 280___310] 220 260 251.4
Av. Ilium. 148 282280! 290 304 234! 268 258
Percentage Difference 42.48 26.47 31.82 29.41! 2938 41.35 11.89
45.05 33.49 33.94 28.23 ! 31.66 43.40 -4.48
42.45: 31.03 2936! 25.06 ! 22323 37.93! -15.9
41.18 33.49 3132! 25.66 29323 4353 -4.48
25.93i 17.65! 12.18j 35.48! -14.5
j Aver. Diff.0.723 (%)Normalisation Factor
Percentage Difference 26.47!42.48 29.41 2938 4135; 11.89
45.05 
; 42.45
33.49 33.94! 28.23Modulus 31.66 43.40! 4.478
31.03 2936 25.06 2232 37.93! 15.94
33.49 25.6641.18 29.223 4353 4.478
38.33 14.71 25.93! 17.65 12.18 35.48! 14.54
Aver.j Diff. ! (%) 28.7
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Figure A27b Average percentage difference results for Room GTRM3
Average percentage difference (modulus) = 28.7%
40-
El H
□ S 
0 0
Average percentage difference = 26.5%20-
y = 58.6663 -  0.1248X R = 0.45
-20
100 200 300 400
Measured illuminance (lux)
Figure A27bb Statistical analysis results for Room GTRM3
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Table A28a Percentage Differences Room GTRM4!
Av.
Predicted Illum inance (lux) Ilium.
337] 337 277
3821 382 319
277 307
319 350.5
325 391 391 325 358
318 383! 383! 318 350.5
280 340! 340! 279 309.8
Av. Ilium. 303.8 366.6 366.6 303.6 335
Av.
Ilium.
Measured Illuminance (lux) 180 220! 2101 160 192.5
240 300! 290! 220 262.5
260 310! 320! 270 290
180 270! 3001 230 245
100 220! 280! 180 195
Av. Ilium. 192 264! 280, 212 237
Percentage Difference 35.02 3472! 37.69! 42.24
24.76 21.47! 24.08! 31.03
2072 18.16! 16.92!
43.40 2950! 21.67 27.67
64.291 3529 1765; 35.48
Aver. Diff.0.707Normalisation Factor (%) 30.1
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Figure A28b Average percentage difference results for Room GTRM4
60-
y = 73.4592 - 0.183x R = 0.92
50-
40-
Average percentage difference = 30.1%
20-
1000 200 300 400
Measured illuminance (lux)
Figure A28bb Statistical analysis results for Room GTRM4
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Table A29a Percentage Differences Room GTRM5 1 !
?— ....t 'j.........
] Av.
Predicted Illum inance (lux) i.......... I „ { Ilium.
256 311 313 318 269] 233 j 283.3
311 j 376 373 383 i 3143 282 j 339.8
333 402 400 406 338! 298 I 362.8
332 406 401 412 338f 301 I: 365
321 387 386 393 327| 286 i1 350
276 337 334 345 1 285 ..... 252 \ 304.8|
I Av. Ilium. 304.8 [3 6 9 1 367.8 376.2 '311.8 275.3 \ 334
:......... I--------
3 Av.
I
Ilium.
Measured Illuminance (lux) 200 240 220 250 22o] 180 218.3
250 310 280 330 j 280j 240 } 281.7
280 310 300 320 :...........| ........... 298.3
320 m 320 370 330} 280 t 333.3
310 \ 350 310 350 330] 280 | 321.7
I , . 260 340 270 300 320| 210 j 283.3
j J
I \
; Av. Ilium. 270 ! 32i.7 283.3 320 296.7j 245 f 289
3 1
1 i
Percentage Difference 21.88 22.83 29.71 21.38 1822] 22.75 i. . \ ..
19.61 ‘l  755 24.93 13.84 10.83j 1459 \
15.92 22.89 25 21.18 11243 6.040 j ;
- 3.614 6.404 2020 10.19 2.3671 6.977 I
3.427 9.561 19.69 10.94 -0.91 j 2.098 j I
5.797 -0.89 19.16 13.04 -12.3 16.67 1 |
....................... ! j 3 i
^ ................................. !
Normalisation Factor 0.865 3 Aver, i...........1........... Diff. }(%) ! 12.4
........... .............i
......... “t***
3 i |
1
Percentage Difference 21.88 22.83; 29.71 21.38 1822.1 22.75 ! j : :
Modulus 19.61 1755 24.93 13.84 1053] 1459
15.92 22.89 25 21.18 11243 6.040 I
3.614 6.404 2020 10.19 2.367j 6977 f
3.427 9.561! 19.69 10.94 1
:
........................! 5.797 0.89i 19.16 13.04 1228! 16.67 1 i t i
. .... '....| ........... ■
3
t 1 \
I Aver. ______:______ Diff. |(%) 1 125
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Figure A29b Average percentage difference for Room GTRM5
Average percentage difference (modulus) = 12.5%
20-
10- Average percentage difference = 12.4%
□ □
□ □
y = 40.8076 - 0.0952x R = 0.50
-10 -
-20
100 200 3 0 0 4 0 0
Measured illuminance (lux)
Figure A29bb Statistical analysis results for Room GTRM5
5 0 0
y = 96.2277 + 0.8225x R = 0.79
□ □ @4 0 0 -
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3 0 0 -
Predicted = Measured
200
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Table A30a Percentage Differences Room GTRM6
Av.
Predicted illum inance (lux) Ilium.
226|234 284 262! 251.5
279 339; 310! 2701 299.5
2% 361 328: 285': 317.5
296 361 319
284 346; 315! 2741 304.8
245 301 276 2371 264.8
Av. Ilium. 272.3 332! 303.8 263.2! 293
Av.
Ilium.
Measured nium inance (lux) 170 2201 200; 160! 187.5
260 240|
290 250| |
220 290i 252.5
240 3201 275
270 3501 300 280j j
280; 240j j
300
240 320! 270
250 2801 240. 220| 247.5
231.71 296.7! 261.7 231.7|Av. Ilium. 255
Percentage Difference 27.35 2254 23.66 29.20
21.15 14.45 16.13! 11.11
18.92 11361 1159! 12.28
8.784 3.047! 9.6391 2.439
15.49 7.514 11.11 12.411 j
7T73j n ~-2.04 6.977! 13.04!
0.872Normalisation Factor (%)| Aver. Diff. 13.1
Percentage Difference 27.35 2254 23.66! 29.20!
21.15 14.45 16.13!Modulus l l . l l j  
1228118.92 11.36! 1159
8.784 9.63913.047! 2.439
15.49 7.514 11.11 12.41
7.173|2.041 6.977! 13.04!
Diff. (%)Aver. 133
A89
Pr
ed
ict
ed
 
ill
um
in
an
ce
 
(lu
x) 
Av
er
ag
e 
pe
rc
en
tag
e 
di
ffe
re
nc
e 
(%
)
Figure A30b Average percentage difference results for Room GTRM6
y = 44.0887-0.1212x R = 0.72
20-
Average percentage difference (modulus) = 13.3%
10-
Average percentage difference = 13.1%
-10
100 200 300 400
Measured illuminance (lux)
Figure A30bb Statistical analysis results for Room GTRM6
400
y = 98.0657 + 0.7625x R = 0.91
300-
Predicted = Measured
200
100 200 300 400
Measured illuminance (lux) A90
A
D
D
IT
IO
N
A
L
 
S
U
R
V
E
Y
 
IN
F
O
R
M
A
T
IO
N
 
& 
P
R
E
D
IC
T
E
D
 
IL
L
U
M
IN
A
N
C
E
 
T
A
B
L
E
 
A
31
 
G
U
IL
D
F
O
R
D
 
T
E
C
H
N
IC
A
L
 
C
O
L
L
E
G
E
 
G
K
C
 
R
O
O
M
 
N
O
. 
G
T
R
M
7
7.52
rQ Measurement grid
1
1.88 ^ 0.94
rr r r r
 H ---------------
6£’Z \LZ T3
>•» ©  
6 
.a
0)
d
P
C
£
0)
O  00  vo
rH IO
o d d
o  «+H !> a .  a .  a .
' t  OvON 
VO VO l>  r -
d  d  o  d
ll II ll ll
C/5o
©Hao
T3
Q . CL Cl  Q . C^/3
<D
* 3  
a) 
- a
^  <d  3OOh  c (U
r-» c n  ^  5  o ,  O c r i ^ O
l-i
<D
* 1
3
£
OX)
1
B
Iffi«  7  o PQ
s i  I f 3  8© 3 1 3 ,rH
©  P  o
1• tH
6
. 3
3• fH
£
OX)
3
a  ^c oo
i n
<dh—>
3m  H  
1 nj
B l 6 = °  ^
U h rH C O (N 0 Q
o
<4H
<d
+-i C/3
3  O j • •
3  g  ©  
W y U4S U 3  O 5 )3e s c u o z s  j o s S w S j k
|  8  
• 9  Z
I - *3  <D
a
* 3
i d  I
OX) 3
t d  l^-i 
OX) <D 
3  O h
l<3
*a a
cr cr
o  o
o  o  o  o  
cn''t cn
II II
a> 
oo
3
gj oo o  vo oo cn> °o 00 On
* <  c n  c n  > n  < n
o  o  o  o  o  
co r -  oo n - °n  
cn  m  in  co n -
o  o  o  o  o
CN OV Ov
cn vo  vo  cn >
O  O  O  O  OO \TOVOOV>
cn  m  vo  co
o  o  o  o  o  
CN O  ^  vo  00  
cn vo  vo  co >
O O O O 00 
T j-rH V O V O N  
CO VO N- <N N-
a> 3  X« = =
S c ©2 o og  .r-i .f-H
• g o o
I  a  a3  . 3  . 3
J Q Q
a>
o
3
3
a
a
3
p
T3
V
Lh
3w
3
o
oc
2
a>>
<
CN t"~
ON OV
II II
a
o
( §
VO CO O  T—I
r-H co in  in
T“H 1—H t—I C""N
II II II II
W W W
cn a  
r -  3
_ o  o  oo in o  ^  >o cn
cn cn  O n
<d
3
3•fNa
3
P
II II II II II
Q 34-» -*—> CScti C/3
a
m gPoo w
o
3
a
O h
T3
<D
c/3
3
c/5
CD
o
3  °  a  o© p© <D
P P
0)
3D 
3  
3
^  N. p\ pv K oo *< >  vo v©> «n
r-1 OO OO i—I Q> 
c n  c n  c n  c n  c o^  vo vo in
tj- oo oo n - vo  
O C N C N O N  
in  o  o  in  vo
CO O n Ov cn Vo 
T—I CO CO ’-H CN 
»n c^- r -  in  vo
T t  OO OO T t  Vo 
O  CN CN O  N
*n  r^- o  in  vo
h o O O O h Q  
cn cn  cn  cn  in  
n *  vo  vo  x f  cn
a>
o
3
3
3
• fHa
3
33
HH
X3
CD
TJ
U
Oh
<D
OJD
3
Lh
V
<5
Ov
CO
CN
(D VO
kO  wSJy  ^
Table A31a Percentage Differences Room GTRM7I
Av.
Predicted Illum inance (lux) Ilium.
431 501 513! 504 431 j 476.6
628!628j 728 7391
628| 728| 739!
|____________ ! 431 ( 5041__513
728 690.2
728 6281 I 690.2
504 476.6
Av. Ilium. 529.5 616! 626! 616! 52953 583
Av.
Ilium.
230!Measured Illuminance (lux) 340 320! 2401 310 288
610 600! 500. 620 570! 580
460! 6401 660! 640 5803 5%
260j 360; 390 390 340] 348
Av. Ilium. 447.5! 490 4303 453
46.64]Percentage Difference 21.111 3651 
2.866! 1758
5322! 38.49
3234 14.84 9.236
! 26.75{ 12.09! 
 39 68] 2857!
10.69! 12.09 7.6433
21.11323.98 22.62!
0.776!Normalisation Factor (%)Aver. Diff. 23.9
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Figure A31b Average percentage difference results for Room GTRM7
60
50
y = 59.7049 - 0.079x R = 0.86
40
30
20
Average percentage difference = 23.9%
10
0
300 400200 500 600 700
M e a s u r e d  i l l u m i n a n c e  ( l u x )
F i g u r e  A 3 1 b b  S t a t i s t i c a l  a n a l y s i s  r e s u l t s  f o r  R o o m  G T R M 7
y = 259.329 + 0.7154x R = 0.91
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EB500
Predicted = Measured
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Table A32a Percentage Differences Room GTRM8
Av.
Predicted Illuminance (lux) Ilium.
257 296! 323 264 285
303 347i 379 313 335.5
307 352! 386! 316 340.3
310 391357! 318! j
315! j
344
304 351 382! 338
263 333! 269 292.3
Av. Dlurn. 290.7 3345 365.7 299.2 323
Av.
Ilium.
Measured Illuminance (lux) 180 220! 250! 200 212.5
220 260! 300 240 255
210 250! 290. 230 245
260!240 300! 240 260
200 250! 280 220 237.5
210 240! 240! 180 217.5
Av. Ilium. 210 246.7! 276.7! 218.3 238
Percentage Difference 29.96 25.68 22.60 24.24
27.39 25.07! 20.84! 23.32
31.60 28.98 24.87s 27.22
27.17!22.58 23-27] 24.53
34.2T! 28.77! 26.70! 30.16
20.15 27.9321.05 33.09
0.737Normalisation Factor Diff. (%)j Aver. 263
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Figure A32b Average percentage difference results for Room GTRM8
y = 40.0363 - 0.0577x R = 0.51
30-
Average percentage difference = 26.3%
150 200 250 300 350
Measured illuminance (lux)
Figure A32bb Statistical analysis results for Room GTRM8
400
y = 60.3344+ 1.1019x R = 0.94
300-
Predicted = Measured
200
150 200 250 300 350
Measured illuminance (lux) A96
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Table A33a Percentage Differences Room GTRM9
Av.
Ilium.
330 333! 384 357 357 384! 3331 330 351
405| 428;372 386! 4281 405 3861 372 397.8
372 386! 428 405! 4051 428
357j 357j 384
386| 372 397.8
 330 333; 384! 333 330! 351
Av. Ilium. 351 3595 406! 381 406; 359.5 351 374
Av.
Ilium.
Measured Illuminance (lux) 220 220! 290! 120 110 240! 240 240! 210
240 180! 250; 240 230 260 240 280! 240
200 160! 200! 200 1901 2801 240 280! 218.8
180 150! 220 2401 270! 220 200! 195
Av. Ilium. 210 205!1775 195 19253 262.5! 235 250! 216
Percentage Difference 33.9333.33 24.48! 66.39 69.19 375 27.93 2727!
35.48 5337! 4159! 40.74 4321 3925! 37.82 24.73!
46.24 5855 53271 50.62 53.09! 3458! 
38.38] 32.771 29.69
37.82 24.73
45.45! 54.95 79.17 33.93 39.39
1 Aver.Normalisation Factor ! 0.576 Diff. (%)
A98
Figure A33b Average percentage difference results for Room GTRM9
y = 95.2367 - 0.2458x R = 0.93
70-
60-
□ □ □
50-
Average percentage difference = 42.2%40-
30-
1000 300200
Measured illuminance (lux)
Figure A33bb Statistical analysis results for Room GTRM9
440
□ □
420-
□ □ □ □
400-
380- y = 343.2278 + 0.1442x R = 0.23
360- □ □
340-
320
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Measured illuminance (lux) A99
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Table A34a Percentage Differences Room GTRMIO
Av.
Predicted Illuminance (lux) j Ilium
341 340
19gj 2841 390
323| 348 270 j 291.7
391 375! 398 312 j 335.1
3881 418 3272001 292 405
|____________ i...... 1981....2881 393
 406
382f 404
348
395
175? 258
317 339.6
362 356 340j 366 283 j 305.7
Av. Ilium. 188.21 274 378.2 377.6 361.61 386.8 301.8 I 324
'Av.
Ilium.
240] 320Measured Illuminance (lux) 601 140 240 240 220 208.6
~70l 150 240 270 280| 360 250 ! 231.4
80 190 320 310 3001 410
27oT
280 270
80 160 280 280 330 240 I 234.3
 7 0 j 180 28o] 380350 340 250 ! 264.3
2741 360
25.33 9548
22.683 1.914
2932 1832
72! 164 TAv. Ilium. 286 288 248 242
Percentage Difference 65.121 4355 29.62 29.41 25.70 8.046 18.52
64.291 47.18 38.46 30.95 19.87
601 34.93 20.99 23.65 14.37
59.601 44.44
60s 3023
28.75 29.11 24.29
3.315 4.494 17.65j -3.83 11.66
1 Aver.Normalisation Factor 0.7451 Diff. (%) 283
25.70T8.046Percentage Difference 65.121 4355 29.62 29.41
Modulus 64.291 47.18 
601 34.93
38.46 30.95
59.60 44.44
25.331 9548 19.87
20.99 23.65 22.68! 1.914
28.75 29.11 29.323 18.32
17.65)' 3.825601 3023 3315 4.494
r
11.66
i
Aver. Diff. (%) 285
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Figure A34b Average percentage difference results for Room GTRM10
y = 72.5688 - 0.183x R = 0.94 
SJ30
60-
Average percentage difference (modulus) = 28.5%
40-
20-
Average percentage difference = 28.3% H
-20
100 2000 300 500400
Measured illuminance (lux)
Figure A34bb Statistical analysis results for Room GTRM10
500
y = 152.8731 + 0.7081x R = 0.91
400-
300-
200-
Predicted = Measured
100
0 100 200 300 400 500
Measured illuminance (lux) A102
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Table A35a Percentage Differences Room GTRM11!
Av.
Predicted Illum inance (lux) Ilium.
356 434! 395! 457 395 434! 356i 403.9
496!415 456! 523 456! 496! 415! 465.3
510!423 461 533 ; 461 510! 423j
456 5231 456} 496 415 j
474.4
496!415 465.3
356 434! 395! 457 395 434! 356 403.9
432 ll 474Av. Ilium. 393 474 432.6! 498.6 393 443
Av.
Ilium.
Measured Illuminance (lux) 170 210! 220210! 210 200! 180 200
280 2201 
3401 300!
190 230! 280| 270 190 237.1
210 300! 340! 330 210 290
190 230! 240. 260 ! 220} 250!
190 T 18o|  180
180 224.3
170!160 190. 170 177.1
Av. Ilium. 184 228! 252! 254! 2461 230! 186 226
Percentage Difference 52.25 51.61 51.86 46.84 53.92! 49.44
54.22 53.63 38.60. 48.37 38.60 55.65! 54.22
50.35 41.18 26.25 38.09 26251 41.18! 50.35
54.22 53.63 4737 50.29 51.75 49.60! 56.63
55.06 60.83 51.90 58.42 54.43j 5853 52.25
Normalisation Factor 0.510 (%)Diff.Aver. 493
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Figure A35b Average percentage difference results for Room GTRM11
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Figure A35bb Statistical analysis results for Room GTRM11
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Table A36a Percentage Differences Room UOSRM1
Av.
Predicted Illum inance (lux) Ilium.
311! 298; 196{293
445
274.5
460! 445; 273! 405.8
488 505! 486 298! 444.3
472 484! 471! 283 427.5
350 368! 354; 2211 323.3
Av. Ilium. 409.6 425.6! 410.8 254.2! 375
Av.
Ilium.
Measured Illuminance (lux) 300 300! 300 210 277.5
380 ! 380! 380 260 350
400 ! 400! 400! 260 365
340 ! 340! 360; 230 317.5
220 ; 215! 230 160 206.3
Av. Ilium. 328; 327! 334! 224 303
14.61 1739! 14.61 4.762
18.03! 20.79! 17.70 12.75
Normalisation Factor 0.808 Aver. Diff. (%) 173
Diff. ;(%)Aver.
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Figure A36b Average percentage difference results for Room UOSRM1
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Figure A36bb Statistical analysis results for Room UOSRM1
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Table A37a Percentage Differences Room UOSRM2
Predicted Illuminance (luxj
135
102: 177! 177 102 139.5
172! 135
138| 138 109
Av. Ilium. 91.6 159.4 159.4 91.6 126
Av.
Ilium.
Measured Illuminance (lux) 125| no; 9 7 5
125: 175: 160. 136.3
135: 180: 175 100 147.5
100 170: 170! 105 136.3
115!
jAver! Diff. :(%)0.966!Normalisation Factor 272
Percentage Difference 125 9.420 2029 18.75
27.55 1.744: 6.977 13.27Modulus
3235 1.695! 1.130 1.961
2.041 1.163! 1.163 7.143
25 31.16! 16.67 7 5
A ver.! Diff. (%)
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Figure A37b Average percentage difference results for Room UOSRM2
y = 18.689 - 0.1317x R = 0.32
Average percentage difference (modulus) = 12.0%
20-
□ □□ □
Average percentage difference = 2.72%
-20 -
-40
50 100 150 200
Measured illuminance (lux)
Figure A37bb Statistical analysis results for Room UOSRM2
180
160 y = 19.5721 + 0.8733x R = 0.89
140 □ □
120
100
□ □ □ □
Predicted = Measured
50 100 150 200
Measured illuminance (lux) A l l l
Table A37a* Percentage Differences Room UOSRM2*
Av.
Predicted Illuminance (lux) Ilium .
138! 138
172 172! 172
177 177!
172;
177
172 172
138: 138
Av. Ilium. 159
Av.
Ilium .
Measured Illuminance (lux) 125 110; 117.5
175 160! 167.5
180 175; 177.5
170 170; 170
115: 105
Av. Ilium. 149 1461 148
Percentage Difference 9.420 ! 20.29
-1.74; 6.977!
-1.69 1.130!
1.163 1.163
0.925Normalisation Factor D iff. (%)Aver. 8.45
Percentage Difference 9.420
1.744 6.977;Modulus
1.695 1.130;
1.1631.163
31.16 16.67!
Aver. D iff. | (%) 9.14
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Figure A37b* Average percentage difference results for Room UOSRM2*
40
30
y = 56.5074 - 0.3258x R = 0.96
20
Average percentage difference (modulus) = 9.14%
10
Average percentage difference = 8.45%
0
■io'
80 100 120 140 180160 200
Measured illuminance (lux)
Figure A37bb* Statistical analysis results for Room UOSRM2*
180
170-
77.8756 + 0.5527x R = 0.97
160-
150-
140-
Predicted = Measured
130
12080 100 140 160 180 200
Measured illuminance (lux) A113
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Table A38a Percentage Differences Room UOSRM3
Av.
Predicted Illuminance (lux) Ilium .
207 244! 249 244 207]
2393
230.2
239 280! 286! 280 264.8
239 280! 286! 280 2393 264.1
207 244 249i 244 230.2
A v. Ilium . 223 262! 248
Av.
Ilium .
Measured Illuminance (lux) 160! 210. 205 175; 166
110 2401 340! 330 280! 260
215 290! 340! 320 2603 285
165 210! 230! 210 175 198
Av. Ilium . 142.5 225! 280! 266.3 ! 2225 227
Percentage Difference 61.35 34.43 15.66 15.98
-18.9 -17.9 -17.2
10.04 -3.57! -18.9 -14.3
13.9320.29 7.631 13.93
Normalisation Factor 0.918 D iff. (%)Aver. 9.65
Percentage Difference 61.35 34.43 15.66; 15.98 15.46
53.97Modulus 14.29! 1858 
3.571! 18.88
17.86 17.15
10.04 8.787!14.29
20.29 13.93 7.631 13.93 15.46!
D iff. (%)3 Aver.3 19.6
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Figure A38b Average percentage difference results for Room UOSRM3
y = 76.5352 - 0.2944x R = 0.96
Average percentage difference (modulus) = 19.6%
Average percentage difference = 9.65%
-20
0 100 200 300 400
Measured illuminance (lux)
Figure A38bb Statistical analysis results for Room UOSRM3
300
280-
y = 179.3681 + 0.2998x R = 0.81
260-
240-
220-
Predicted = Measured
200
0 100 200 300 400
Measured illuminance (lux)
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Table A39a Percentage Differences Room UOSRM4
Predicted Illuminance (lux) 1 Ilium .
369 454
428 485 4293 420
440 485 447 443
433 474
396 438 409 404
317.2314 336 320 305
Av. Ilium 3823 439.9 381.7 366.9
um.
Measured Illuminance (lux) 235 380
210 260 205 190 211.7
190 225 185! 195
180 205 180 195
155 180
135 160
125! 140 150 155
176.4! 172.1!Av. Ilium. 175.7 221.4
Percentage Difference
Normalisation Factor ! Aver.
Percentage Difference 28.04 4956
Modulus
56.88 5357
59.731 55.98
60.19 6420 62.67 57.67
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Figure A39b Average percentage difference results for Room UOSRM4
Average percentage difference (modulus) = 52.3% 
b Qa
60-
Average percentage difference = 52.1%
40-
20-
y = 93.9584 - 0.2278x R = 0.82
-20
100 200 300 400
Measured illuminance (lux)
Figure A39bb Statistical analysis results for Room UOSRM4
500
y = 339.9048 + 0.2801x R = 0.22
400-
□ □
300-
Predicted = Measured
200
100 200 300 400
Measured illuminance (lux) A119
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Table A40a Percentage Differences Room UOSRM5
Av.
Predicted Illuminance (lux) Ilium.
384 394 392; 386 389
505 506; 501 506 504.5
518 519! 518; 518 518.3
490 485 483; 491 487.3
338 353; 351 336 344.5
Av. Ilium. 447 451.4 449 447.4 449
Av.
Ilium.
240 300Measured illuminance (lux) 280 215; 258.8
360 320! 320' 380 345
360 350i 360 380 362.5
280 280; 280, 280 280
180 180! 200. 180 185
Av. Ilium. 292 269; 280; 304 286
Percentage Difference 27.08 45.43 38.78; 22.28
28.71 36.76; 36.13; 24.90
30.50 3050!3256! 26.64
42.86 4227! 42.03! 42.97
46.75; 49.01 43.02! 46.43
0.637Normalisation Factor D iff. (%)Aver.
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Figure A40b Average percentage difference results for Room UOSRM5
y = 65.0097 - 0.0986x R = 0.82
40-
Average percentage difference = 36,8%
30-
200100 300 400
Measured illuminance (lux)
Figure A40bb Statistical analysis results for Room UOSRM5
600
y = 185.863 + 0.9182x R = 0.89
500-
400-
Predicted = Measured
300
100 200 300 400
Measured illuminance (lux)
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Table A41a Percentage Differences Room UOSRM6
Av.
Predicted Illuminance (lux) Ilium.
400! 398412 295! 375.2
360 398! 412! 396 295! 372.2
379 405! 418 402 303! 381.4
218 2471 251 241 228.8
Av. Ilium. 332 3625 373.3 359.3 270! 339
Av.
Ilium.
Measured Illuminance (lux) 255 235! 330! 350 260! 286
260]
280!
185 2201 365 340 274
165 220! 420! 400 297
120 125! 155 140 140! 136
Av. Ilium. 317.5181.3 200! 307.5 235! 248
Percentage Difference 19.90.31.27 41.25 12.06
48.61 44.72 11.41 14.14
56.46 45.68 -0.47! 0.497 ! 7.591! 
41.91! 25.13!44.95 49.39 38.25!
0.731 D iff. (%)Normalisation Factor ! Aver.
Percentage Difference 31.27 41.25 19.90 12.06
48.61 44.72 11.41 14.14
7.591!56.46 45.68 0.478 0.497
25.13!44.95 38.254939 41.91
Aver. D iff. (%) 27.9
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Figure A41b Average percentage difference results for Room UOSRM6
60
y = 67.889 - 0.1614x R = 0.83
50
40 Average percentage difference (modulus) = 27.9%
30
Average percentage difference = 27.8%
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500
y = 192.8374 + 0.5904x R = 0.73
400
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Predicted = Measured
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Measured illuminance (lux) A125
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Table A42a Percentage Differences Room UOSRM7
Av.
Predicted Illuminance (lux) Ilium.
416 457! 499i 457 416! 449
4831483 528! 583! 528 521
483 530! 578! 530 4831 520.8
425 458! 514! 458 456
Av. Ilium. 451.8 4933 543.5! 493.3 487
Av.
Ilium.
Measured Illuminance (lux) 220 155 280 320 420! 279
2501 180! 280 350 440! 300
245! 330 415! 306
380 275! 300' 330 400! 337
Av. Ilium. 292.51 2073 276.3! 332.5 418.8 306
Percentage Difference 47.121 66.08 43.89 29.98 -0.96
48.24 65.91 51.971 33.71 8.903
33.751 58.49 57.61 37.74
10.59 39.96' 41.63! 27.95 5.882
Normalisation Factor 0.6271 Diff. (%)I Aver. 36.1
Percentage Difference 47.12 66.08 43.89; 29.98 0.961
48.241 65.91 
33.75| 5849
Modulus 51.971 33.71 8.903
14.08357.61 37.74
10.59 39.96! 41.63! 27.95 5.8823
] Aver. Diff. (%) 362
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Figure A42b Average percentage difference results for Room UOSRM7
108.7111-0.2376x R = 0.95
Average percentage difference (modulus) =36.2%
60-
40-
Average percentage difference = 36.1%20-
-20
200 3 0 01 00 4 0 0 5 0 0
Measured illuminance (lux)
Figure A42bb Statistical analysis results for Room UOSRM7
600
y = 544.7969 - 0.1902x R = 0.31
500
□ □
Predicted = Measured
400
100 200 300 400 500
Measured illuminance (lux) A128
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Table A43a Percentage Differences Room UOSRM8
Av.
Predicted Illuminance (lux) Ilium.
474 552! 538! 498 515.5
570 653 633! 606 615.5
550
562
638! 625! 579 598
645! 625! 598 607.5
461 533! 518! 485 499.3
Av. Ilium. 523.4 604.2 587.8! 553.2 567
Av.
Ilium.
Measured Illuminance (lux) 185 210! 280! 320 248.8
240 250! 340! 400 307.5
180 210! 300: 360 262.5
220 250! 340! 460 317.5
215 240! 300! 360 278.8
Av. Ilium. 208 232! 312! 380 283
Percentage Difference 60.97 61.96! 47.96 35.74
57.89 6172! 4629! 33.99
67.27 67.08 37.82
60.85 61.24 45.6! 23.08
53.36 54.97! 42.08! 25.77
0.498Normalisation Factor Diff. (%)Aver. 49.9
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Figure A43b Average percentage difference results for Room UOSRM8
y = 95.201 - 0.1601x R = 0.92
60-
qV  Average percentage difference = 49.9%
50-
40-
30-
100 200 300 400 500
Measured illuminance (lux)
Figure A43bb Statistical analysis results for Room UOSRM8
700
y=  516.9378 + 0.1774x R = 0.23600-
500-
Predicted = Measured
400
100 200 300 400 500
Measured illuminance (lux) A131
AD
DI
TI
ON
AL
 
SU
RV
EY
 
IN
FO
RM
A
TI
O
N
 
& 
PR
ED
IC
TE
D 
IL
LU
M
IN
A
N
CE
 
TA
BL
E 
A4
4 
UN
IV
ER
SI
TY
 
OF
 
SU
RR
EY
 
GK
C 
RO
OM
 
NO
. 
U
O
SR
M
9
3.53
Measurement grid 
0.88 0.44
id
X-
f L L  1 1 .
.  1 n JiiJi 1
1
T
j
1 T
l I 
I l 
l l 
l l 
1 mVn
“ T  1
I i 
1 I 
I I ' 
i i
-rrfn 1— —til 1 1
1 1
J__L
TIM 1---L-=|
1 1
i
I
9ZI I
CO
CO
CD
Jh•+-»a>
COGO
<u
d
33
a>
vor«>H o  o  in 
o d d
ll ll ll
o  C+H >a  a  a
HQOO't IO \f  lo ind d d d
II II II ll
COao
COOCD
aO73
g *1 g !*’£0. 0. 0. O-tX
COa)
7 3
X)
<d  73
ed M <—i 1) C3
* 5  O  O h
£ z o
O
CN
5
CD
H
S ik h 'S9 ' s ^  gQ Jth c3 ® §
e ■a 2P-S u 3
i l l l - s lo o o g
oo
%
u
o
COa>
Jh  • • *
§ 1
1 23 <D
o
£
<4H
<D
€aa
.3
W)ao
£inc-
(D4-»a
£
S CO
mO Od 
i-h CN CN CD
a
a
..£ •§^  W) E
a-2 ffi ^3 i-i 
g  bD CD o C Oh
w a &(D 5  
N  O
*a a
cr cr
o o 
o  oO O 
in  i h
Tf co
01 cd Xo  = =
5 *3 132 o o
• g o os.g.g
j p p
a>
9Sh
Q O O O Oo O *-h i—i C"~ \J"
co tj- "d- cn <n
o  o  o  o  in vo'd- vo oo co cn>n’d-co>
o  o  o  o  o  oo o  oo vo cn coinNcn>
o  o  o  o  oo oo cn o  oo \h cn in in cn
o  o  o  o  cn o  o  vo oo Nt* vo in cn
o  o  o  o  o  
oo o  cn vo >  
CN ^  CN cn
73<Du3»3da>
4 )
SP20>►
3DcdDh «<3
9J o o  O n O n o o  <o  >; vo On On vo <n <  cn >  m- cn >
t-h  O n o n  t—h J n  
CN CN CN CN tN
co o- o- co <o
a
rH  VO 
0 0  T-H
O  .T-H
II II
ao
{§
o>
cd i>  O  cn  o in| in vq^  H  H  O
00 00 00
co4>
Jh•PN
G•pNa3
HI
V j CN ONCN CN ON CN
O M «  ■H -*-? 3cd co
H
in ^ CD
vo m o  t—i in
o d d
o
-a
aOh
TO
CDCfl
3
c/3
<DO
H 3 « S  f t  <D
9  2 53 PC 9  CD 
Ph PC PC
<uwaeda•pNa333HH
734>
730)
Jh
P h
t-h  in  in  t- c oooo cn cn oo «n cn in in cn xr
cn cn cn cn oo o  cn cn o  vo tj- in in -d- tj-
cn cn cn cn oo o  cn cn o  vo N in in n  >
t-h in in t-h oo oo cn cn oo <n cn in in cn M-
O o o o o o >CN CN CN CN tN
co n- ^r co <n
4>
3D
2<u
-5
voo
■d-in
O n
« n o o
CNcn
r jj
Table A44a Percentage Differences Room UOSRM9
Av.
Predicted Illuminance (lux) Ilium .
381 402! 403 381 321 368
535! 429!428 535: 533! 532 498.7
535! 533i428 532 5351 429! 498.7
320 381 402! 403 368
458i 3751Av. Ilium . 458! 467.5! 467.5 433
Av.
Ilium .
Measured Illuminance (lux) 280 400! 380: 380 360 300i 350
400 600! 530! 500 540| 410! 496.7
420 570! 500! 480 473.3
260 360! 380! 360 335
4351 347.5______
i
Av. Ilium . 340 4825 447.5 430 414
125 -4.99Percentage Difference 5.473! 5.707 5.512 6542!
6.542 - 12.1 0562 6.015 -0.93 4.429
1.869 -6.54 6.191 9.774 14.02! 4.429! 
0262)^ 1559]18.75 5.512 5.473! 10.67
0.954Normalisation Factor D iff. (%)j Aver. 5.06
Percentage Difference 125 4.987! 5.473! 5.707 5.512 6542!
6.542 12.15 0562! 6.015Modulus 0.934 4.429!
1.869 6.542] 6.191 9.774 14.02 4.429!
18.75 5.512! 5.473! 10.67 0.2621 15.89!
Aver. D iff. (%) 7.11
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Figure A44b Average percentage difference results for Room UOSRM9
Average percentage difference (modulus) = 7.11%
10-
Average percentage difference = 5.06%
y = 26.5912-0.052x R = 0.69-10 -
-20
200 300 400 500 600 700
Measured illuminance (lux)
Figure A44bb Statistical analysis results for Room UOSRM9
600
y = 96.0052 + 0.8153x R = 0.95
H □ a
500-
400-
Predicted = Measured
300
200 300 400 500 600 700
Measured illuminance (lux) A134
Table A44a* Percentage Differences Room UOSRM9
Av.
Predicted Illuminance (lux) Ilium.
535j535; 533! 532 533.8
535! 533! 532 5353 533.8
Av. Ilium. 535! 533! 532 535! 534
Av.
Ilium.
Measured Illuminance (lux)
600! 5301 500 5401 361.7
5701 500 480 4603 335
Av. Ilium. 585! 515! 490 5001 523
Percentage Difference
0562 6.015 4).93 i“- 12.1
-654 6.191
Normalisation Factor 0.978 Aver. Diff. (%) 2.12
Percentage Difference
12.15 0562 6.015 
6.191 9.774
Modulus 0.934
6542 14.02
Aver. Diff. (%)
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Figure A44b* Average percentage difference results for Room UOSRM9*
y = 98.3412-0.1841x R = 1.00
Average percentage difference (modulus) = 7.02%
1 0 -
Average percentage difference = 2.12%
-10 -
500400 600 700
Measured illuminance (lux)
Figure A44bb* Statistical analysis results for Room UOSRM9*
536
535
Predicted = Measured
534
533
y = 526.0912 + 0.0147x R = 0.49
532
531
500400 600 700
Measured illuminance (lux) A136
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Table A45a Percentage Differences Room UOSRMIO
Av.
Predicted Illuminance (lux) Ilium.
167 182! 204! 1741 171 179.6
249| 228]
2771 208!
214 256! 299! 249.2
187 270! 311 250.6
127 238! 185.6
Av. Ilium. 173.8 228 263! 228.5| 1881 216
Av.
Ilium.
175! 170'Measured Illuminance (lux) 175 170
2151 215]220 225; 220 219
205 225! 210, 215 1903 209
135 150! 140 138
Av. Ilium. 183.8 193.8 185! 184
8.0461 0.584]Percentage Difference -4.79 3.846! 16.67:
26.42!12.11 13.651 5.702]
-9.63 16.67; 32.48!
-630 26.47! 41.18!
1 Aver!Normalisation Factor 0.850 Diff. (%) 13.0
8.0461 0.584]Percentage Difference 4.79 3.846 16.67
2.804Modulus 12.11 26.42! 13.65 5.702]
9.626 16.67! 22.38 8.654]32.48!
32.24j 1734]6.299 26.47! 41.18
(%)Diff.Aver. 15.4
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Figure A45b Average percentage difference results for Room UOSRMIO
5 0 -  
4 0 -  
3 0 -  
20- 
1 0 -  
0 - 
'  - 1 0 -
1 0 0  1 2 0  1 4 0  1 6 0  1 8 0  2 0 0  2 2 0  2 4 0
Measured illuminance (lux)
Figure A45bb Statistical analysis results for Room UOSRMIO
4 0 0
3 0 0  
200 
100
1 0 0  1 2 0  1 4 0  1 6 0  1 8 0  2 0 0  2 2 0  2 4 0
y = 47.8186 + 0.8882x R = 0.59
Predicted = Measured
y = 22.7424 - 0.0527x R = 0.13
Average percentage difference (modulus) = 15.4%
□ □
Average percentage difference = 13.0%
□ □
□
T 1 T t 1----1----1----r®-'----r
Measured illuminance (lux) A139
Table A45a* Percentage Differences Room UOSRMIO*
Av.
Predicted Illuminance (lux) Ilium.
228!214 256 299: 249 249.2
187 277 ; 208j 250.6
Av. Ilium. 263 305: 263 218! 250
Av.
Ilium.
Measured Illuminance (lux)
220 225 220' 215 215! 219
205 225 210 215 1903 209
Av. Ilium. 212.5 225 215: 215 2025! 214
Percentage Difference
-2.80 12.11 26.42: 13.65 5.702
-9.63 16.67 32.48: 22.38 8.654!
0.856Normalisation Factor (%)Aver. Diff. 12.6
Percentage Difference
~5J02f 
: 8.654!
2.804 12.11 26.421Modulus 13.65
9.626 16.67 3248; 2238
Aver. Diff. (%) 15.0
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Figure A45b* Average percentage difference results for Room UOSRMIO*
3 0 -
20-
Average percentage difference (modulus) = 15.0%
Average percentage difference = 12.6%10-
y=  -41.3002+ 0.2517x R = 0.20
190 200180 210 220 230
Measured illuminance (lux)
Figure A45bb* Statistical analysis results for Room UOSRMIO*
350
300
y = - 117.3586 + 1.7162x R = 0.44
2 5 0
200
Predicted = Measured
150
190 200180 210 220 230
Measured illuminance (lux) A141
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Table A46a Percentage Differences Room UOSRM11
Av.
Predicted Illuminance (lux) Ilium.
333; 343;
403 ; 412!
362! 325 272! 327
4431435! 426 423.8
398 440!4171 443 491! 437.8
351 381344 370 381 j 365.4
3695 380.8Av. Ilium. 404.5! 391 396.8! 389
Av.
Ilium.
Measured Illuminance (lux) 115 140! 200. 200 200! 171
160 200i 240. 260 3201 236
300 280! 300, 280 290! 290
300 260! 260 220 180] 244
Av. Ilium. 218.8 220 250. 240 | 247.5! 235
Percentage Difference 65.47 59.18 44.75! 38.46 26471
60.30 5146! 44.83! 38.97 27.77!
24.62 32.85 36.79 40.94
12.79 31.76'25.93 4054 52.76!
0.605Normalisation Factor Aver. Diff. (%) 394
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Figure A46b Average percentage difference results for Room UOSRM11
y = 83.8196 - 0.1889x R = 0.82
Average percentage difference = 39.4%
H \
200100 300 400
Measured illuminance (lux)
Figure A46bb Statistical analysis results for Room UOSRM11
500
y = 274.1662 + 0.486x R = 0.55
400-
300-
Predicted = Measured
200
100 200 300 400
Measured illuminance (lux) A144
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Table A47a Percentage Differences Room UOSRM12
Av.
Predicted Illuminance (lux) Ilium.
192! 201 i 207! 201: 188],
260 : 267! 277! 267 2571
197.8
265.6
279 285! 296 282 275 283.4
265 ! 272! 283 271! 263 270.8
207 ! 213! 222! 208 ! 202: 210.4
Av. Ilium. 240.6 247.6! 257! 245.8!. 237! 246
Av.
Ilium.
Measured Illuminance (lux)! 200: 180; 200! 250 ! 300! 226
260 ! 240! 250 260: 280! 258
235 ! 220! 235 180: 180! 210
195! 190: 210 180! 180! 191
Av. Ilium. 208! 192! 207! 200 ! 216; 205
27.54 38.97! 36.94 37.5 ! 30.69
0.833Normalisation Factor Aver. Diff. (%)
I Aver. ; Diff. j (%) 233
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Figure A47b Average percentage difference results for Room UOSRM12
|  Average percentage difference (modulus) = 23.3%
20-
■btj
□ Average percentage difference = 15.5%
-20 -
y = 93.9545 - 0.3833x R = 0.79
-40 -
-60
100 200 300 400
Measured illuminance (lux)
Figure A47bb Statistical analysis results for Room UOSRM12
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□ □
260
y = 204.7675 + 0.1996x R = 0.26
240
220
200
Predicted = Measured
180
100 200 300 400
Measured illuminance (lux) A147
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Table A48a Percentage Differences Room UOSRMI3
Av.
Predicted Illuminance (lux) Ilium.
173 227! 235: 227 173: 207
238 307! 311 307 238 280.2
2531 198!198: 253! 266! 233.6
238 307! 311 280.2
173 227! 235 207
Av. Ilium. 2642 271.6! 264.2 204! 242
Av.
Ilium.
Measured Illuminance (lux) 210 235: 205! 135 169.8
220j lOOj 
260! 1603
310 360! 315! 261
300 340! 270! 266
315 350: 350! 340 2501 321
195 200! 200 188
Av. Ilium. 266 297! 268! 241
Percentage Difference -3.52 12.77!-21.4
-30.3 -173 -1.29 28.34 57.98
-51.5 -1.50-34.4 -2.77 19.19
-32.4 -14.0 -12.5 -10.7J -5.04]
lasoj" 7:514j
H  I
-12.7: 11.89! 14.89!
0.998Normalisation Factor (%)j Aver. Diff. 0.93
Percentage Difference 12.77!21.39 3.524 40.53 63.01
30.25 1726 1.286 28.341 57.98] 
3439: 1504 2.767 19.1951.52
32.4 1254!14.01 10.751 5.0423 
1850 7.514f12.72 11.89 14.89
! Aver. Diff. (%) 21.0
A149
Pr
ed
ict
ed
 
ill
um
in
an
ce
 
(lu
x) 
Av
er
ag
e 
pe
rc
en
tag
e 
di
ffe
re
nc
e 
(%
)
Figure A48b Average percentage difference results for RoomUOSRM13
y = 66.5695 - 0.2722x R = 0.82
60-
40-
Average percentage difference (modulus) = 21.0%
20-
Average percentage difference = 0.93%
□ £
-20 -
-40 -
-60
0 100 200 400300
Measured illuminance (lux)
Figure A48bb Statistical analysis results for Room UOSRM13
400
□Sb
300
y = 150.607 + 0.3773x R = 0.68
B3m
200
□ □
Predicted = Measured
100
1000 200 300 400
Measured illuminance (lux) A150
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Table A49a Percentage Differences Room UOSRMI4
Predicted Illuminance (lux) Ilium
487 510
6041 595
6391 632
604j 596
517] 514
Av. Ilium. 542.4 568.4 576.2] 569.6
Ilium.
Measured Illuminance (lux) 340 340
360
3201 310
260 250
230] 240
Av. Ilium
Percentage Difference 30.18 45.10
32.86 42.95
3355 34.92 49.921
50.70 49.66
59.10 52.94
Normalisation Factor 1 Aver
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Figure A49b Average percentage difference results for Room UOSRM14
y = 82.4912 - 0.128x R = 0.76
60-
50-
40 -  Average percentage difference = 45.0% g
□□□30-
200 300100 400 500
Measured illuminance (lux)
Figure A49bb Statistical analysis results for Room UOSRM14
700
y = 356.8723+ 0.6061x R = 0.52
□□600-
□ □
500-
□ □
Predicted = Measured
400
200100 300 400 500
Measured illuminance (lux) A153
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Table A50a Percentage Differences Room UOSRM15
Av.
Predicted Illuminance (lux) Ilium.
494 583 583 494 538.5
594 710! 710! 599 653.3
612 728 728! 612 670
594 710! 710! 599 653.3
494 583! 583! 494 538.5
Av. Ilium. 557.6 662.8 662.8! 559.6 611
Av.
Ilium.
Measured Illuminance (lux) 185 270! 210! 140 201.3
180 260! 350! 220 252.5
160 415 280 278.8
215; 320| 420
150! 240! 330
290 311.3
220 235
Av. Ilium. 178 270! 345! 230 256
Percentage Difference 53.69 63.98! 71.66
69.70 6338 50.70! 63.27
73.86 42.99 54.25
63.80 54.93 40.85 51.59
69.64! 58.83 43.40! 55.47
Normalisation Factor 0.418 Diff. (%)Aver. 58.6
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Figure A50b Average percentage difference results for Room UOSRM15
80
y = 86.8321 - 0.1102x R = 0.92
70
Average percentage difference = 58.6%60
50
40
100 200 300 400 500
Measured illuminance (lux)
Figure A50bb Statistical analysis results for Room UOSRM15
800
y = 422.7797 + 0.7348x R = 0.73
700
600
500 □□
Predicted = Measured
400
100 200 300 400 500
Measured illuminance (lux) A156
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Table A51a Percentage Differences Room UOSRM16 1 1 :
l .......i..........1 Av.
Predicted Illuminance (lux) ..., ,, j....  1 Ilium.
411 494^ 520 527| 527] 520 4951.....411 488.1
482 574 608 6131 617] 604 579 j 478 569.4
507 611 641 650] 6513 641 612[ 508 602.6
i..................... 478 576 606 614j 615) 606 5 77 479 568.9
415 499 524 531j 53l] 525 500 416 492.6
......... 1 j.........
...........j..........1..........
i....... S |
Av. Ilium. 458.6 [5508 579.8 587] 58823 579.2 552.6
(.V" mliri .n.ru ju.
! 458.4 544
t .........3..........*1 3 Av.
......... J... '...'L lI'I'' Ilium.
Measured Illuminance (lux) 310j 300 240 240] 280] 300 290 260 277.5
320! 320 300 310| 340] 360 340 320 326.3
340 360 380 380j 3803 400 370 340 368.8
300 330 340 320! 280] 290 320 300 310
280 280 300 2801 220] 230 260 240 261.3
, „ , , _....  1 I
.„.........|......... 1......
Av. Ilium. 310 318 312 306| 3003 316 316 292 309
1 1 ........
i 1
Percentage Difference 2457 39.27 5355 54.46] 4657] 4231 41.41 36.74
33.61 44.25 50.66 49.43f 4459] 40.40 41.28 33.05
32.94 41.08 40.72 4154] 41^] 37.60 39.54 33.07
■ - 37.24 42.71 43.89 47.88j 54.473 52.15 44.54 3737
3253 43.89 42.75 47.27| 58-57] 56.19 48 4231!
..........J......... I..........
i j
..........1... .....!
Normalisation Factor 0.567 I j Aver. Diff. (%) j 42.9
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Figure A51b Average percentage difference results for Room UOSRM16
5 0 -
Average percentage difference = 42.9%
40-
3 0 - y = 68.0232 - 0.0813x R = 0.49
200 3 0 0 400 5 0 0
Measured illuminance (lux)
Figure A51bb Statistical analysis results for Room UOSRM16
7 0 0
y = 250.2465 + 0.9525x R = 0.61
□ □ □ □□ □
6 0 0 -
5 0 0 - □ B
Predicted = Measured
4 0 0
200 3 0 0 4 0 0 500
Measured illuminance (lux)
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Table A52a Percentage Differences Room UOSRMI7
Av.
Predicted Illuminance (lux) Ilium.
4181 499! 499! 418 458.5
500! 595! 595! 500 547.5
519! 619! 619; 519 569
519 569
5001 595; 595! 500 547.5
418! 499! 499! 418 458.5
Av. Ilium. 479| 571 571 479 525
Av.
Ilium.
Measured Illuminance (lux) 180! 220| 310! 310 255
260j 280! 360! 390 322.5
340j 360! 380! 370 362.5
350j 370] 390i 380 372.5
360! 370] 380! 370
3001 300! 300: 295
| Av. Ilium. 298.3 j 316.7] 353.3! 350 330
Percentage Difference 37.88! 25.84
48| 52.94 3950,
34.491 4154] 38.61] 
3156^4023] 37.00!
28.71
26.78
36.131
28.23 ] 39.1 39.88 33.01
I Aver! i0.6271Normalisation Factor Diff. (%) 37.0
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Figure A52b Average percentage difference results for Room UOSRM17
y = 74.7997 - 0.1147x R = 0.68
50-
40 - Average percentage difference = 37.0% 0
30-
200100 300 400
Measured illuminance (lux)
Figure A52bb Statistical analysis results for Room UOSRM17
700
y = 291.1784+ 0.7094x R = 0.59
□ H □ Q
600- □ □ □
□  El □  □
500- □ □
□ □
400
100 200 300 400
Measured illuminance (lux) A162
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Table A53a Percentage Differences Room UOSRM18 i 3: 5 
; 1 Av.
Predicted Illuminance (lux) ! \ Ilium.
432 5i2 532 540 532] 512 432 498.9
502 601 619 628| 6191 601 502 581.7
527j 628 658 658[ 6581 628 527 612
502 601 619 628| 619j 601 502 581.7
432 512 532 540 532] 512 432 498.9
|
j |
;..m.nnrr..rri4____
Av. Ilium. 479I 570.8 592 598.8 . 592| 570.8 479 555
; | Av.
i Ilium.
Measured Illuminance (lux) 180 220 280 240 280! 240 240 240
240I 260 330 280| “ 320 280 300 287.1
300j 300 350 300
_  _
320 317.1
150 180 250 260 3201 280 290 247.1
60! 100 180 200 260] 240 260 185.7
, , . ! '
I
Av. Ilium. 186 212 278 256 ‘3061 268 282 255
}
Percentage Difference 58.33 57.03 4737 55.56 4737 53.13 44.44
52.19 56.74 46.69 55.41 4830 53.41 40.24
43.07 5223 4631 54.41 46.813 5223 39.28
- " 70.12 70.05 59.61 58.60" 48.301 53.41 42.23
86.11 80.47 66.17 62.96 51.13] 53.13 39.81--------3--------!
j
!.......... j ' j..........
Normalisation Factor 0.460 3 Aver.--------i_____ Diff. (%) 54.1
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Figure A53b Average percentage difference results for Room UOSRM18
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Figure A53bb Statistical analysis results for Room UOSRM18
700
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y = 398.6831 + 0.6'105x R = 0.58
y = 90.0699 - 0.1409x R = 0.87
Average percentage difference = 54.1%
Measured illuminance (lux) A165
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Table A54a Percentage Differences Room UOSRM19
Av.
Predicted Illuminance (lux) Ilium.
415 496! 496! 4151 455.5
483 577! 577! 4831 530
506 603 603! 506 554.5
483 5771 577] 483! 530
415 496! 496J 415 455.5
Av. Ilium. 460.4 549.8 505
Av.
Ilium.
Measured illuminance (lux) 230 280! 240: 240 247.5
260 300i 260: 2351 263.8
290 300! 220* 175! 246.3
260 280! 200! 160 225
240 260! 185! 1401 206.3
Av. Ilium. 190|256 284! 221 238
Percentage Difference 44.58 4355 51.61 42.17
46.17 48.01 54.94! 51.35
42.69 50.25 6352 65.42
46.17 51*47! 6534 66.87
42.17! 4758 62.70! 66.271
0.470Normalisation Factor Diff. (%)3 Aver. 52.6
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Figure A54b Average percentage difference results for Room UOSRM19
y  =  8 9 . 1 3 8  - 0 . 1 5 3 5 x  R  =  0 . 7 8
60-
Average percentage difference = 52.6%
50-
100 200 300 400
M e a s u r e d  i l l u m i n a n c e  ( l u x )
F i g u r e  A 5 4 b b  S t a t i s t i c a l  a n a l y s i s  r e s u l t s  f o r  R o o m  U O S R M 1 9
700
600
y  =  3 8 3 . 6 9 4 3  +  0 . 5 1 0 6 x  R  =  0 . 3 7
500
□ □
400
200100 300 400
Measured illuminance (lux) A168
A
D
D
IT
IO
N
A
L
 
S
U
R
V
E
Y
 
IN
F
O
R
M
A
T
IO
N
 
& 
P
R
E
D
IC
T
E
D
 
IL
L
U
M
IN
A
N
C
E
 
T
A
B
L
E
 
A
55
 
U
N
IV
E
R
S
IT
Y
 
O
F 
S
U
R
R
E
Y
 
G
K
C
 
R
O
O
M
 
N
O
. 
U
O
S
R
M
2
0
cn xj- mt"* r-S lO
d  o  o
8.77
M e asu rem en t g rid
- f l - - I I — a
1 1a
ii ii ii
OO o  vo vo 
vo  vo vo
Cn
p
o
o  o
H  co  3  O
Offi S3 © oPQ
S3 73 p  - &  «
1 1 1 * 1 - a
o  o  S j s  o  ^
i n
T—t
o
£
tot)
po
a  s
c  o
OO CO
£
lO
a
a
£
O  H  t-h co  cn O
OO <D
00
2
0)
*a s
c r c r1
O  o  
O  O
o  o  
m  vo
V O X
«  = =
g d f l  
2  o  o
a  .»H • rH.2  -t-> 4-»
S  O  O
E  P  P  
a .E  .E 
J Q Q
*< !
s£ 2D 00 S' 00 >  ^5  On CN >  >  -"h CN 
^  ^  CN CM CN) CN CN
o  o  wo o  o  ^
00 OO t-h CN vo On
1—1 * CN CN i—( »—i
o  o  o  o  i n  «o 
i n  vo  oo o  co  vo 
CN CN CN CO CN CN
O O O O O 00 
o  oo oo  t"- vo  i n  
CN CN CN CN CN CN
O  O  O  O  O  Vo ^O N O O O O O  
'—11—1 CN CN CN ^
a>
u
S3
qfl•hN
g
aa
T5
<u
aw
q 2<u►
t-h CN
oo i n  
d  r—I
II ll
On O  <N 
oo  on i n  vo 
d  d  t-4 o
II II II II
oo oo oo
H |  
U  §  
<  &
cn
<U
in• «H
q
a• pHa
a
J
x
J3 x
£  *  t o
o o  o  i n  i n
*—i CN CN 00 ^  y—i
CO
^  II
a)
3  wq oo 
H  CQ
q U U
?n
0
1
o  
o  
q
>> o
2  
a  
o  
o  
q
6 *
q
Sh
a
cj
p• rH
o
O h
H—I
P
6  ^  ^  q  C  tq  S m in g Oh oo
J-H C
o .  q
p ^o  <u
S  3
8  «  
3 . 0cn O
O
£
aao
a>
00
2
CN CN O  
r -  cn in
o d d
» <
^  CN SO 0 \  JO CM °0  JO VO 00 Ov 00 Vo fO •<3 in vo vo vo *n io
in  vo on vo  in  'st-
CN CO CN t-h 00
in  vo vo vo in  *n
On On ON On Ov n  
o  co m  co o  On 
vo t"- i>  i>  vo vo
On on On On on '"h 
o  co m  co o  On 
vo t>  i " - 1- -  vo vo
in  vo on vo in  >
• CN CO CN »—i 00
in  vo vo vo in  in
a
=3
HH
T3
QJ
T3
V
P
O h
a>
W)
2
a>
►
<
O n
VO
<u CN 
p  i n
CO
d
ON
vo
*»■* vOy  ^  ^
y  Y Y ,
S l f l B Z
cn
S
a
T3
o
Table A55a Percentage Differences Room UOSRM|20
Av.
Predicted Illuminance (lux)
609515 515 562
739:626 739 626 682.5
639 7591 7591 639 699
626 739: 739 626
515 609: 609: 515
1 584.2Av. Ilium. 691 691 584.2 638
Av.
Ilium.
Measured illuminance (lux) 140 200j 250: 180 192.5
190
i 200
260; 180 
280! 215
2801 227.5
280! 243.8
200 270! 247.5
200 260! 213.8
Av. Ilium. 186 258! 265: 191 225
Percentage Diff erence 58.95!67.16! 65.05
69.65 64.82!62.11 71.25
68.70 63.11 63.11 66.35
59.4063.46! 64.86
61.17 5731 61.41 68.93
Normalisation Factor 0.352 Diff.Aver. (%) 64.9
A170
P
re
d
ic
te
d
 
il
lu
m
in
a
n
c
e
 
(l
u
x
) 
A
v
e
ra
g
e
 
p
e
rc
e
n
ta
g
e
 
d
if
fe
re
n
c
e
 
(%
)
Figure A55b Average percentage difference results for Room UOSRM20
80
y  = 81.0775 - 0.072x R = 0.77
70
Average percentage difference = 64.9%
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Table A56a Percentage Differences Room UOSRM21
Av.
Predicted Illuminance (lux) Ilium.
403 485! 508! 519 515 512! 485 407! 479.3
467 564! 592! 600 6011 592! 565 469 556.3
498 5971 627j 638 6361 630! 599 501 590.8
472 569! 597; 605
515 522
605 { 597 569 473! 560.9
409 492! 522 516! 492 410! 484.8
Av. Ilium. 449.8 541.4 567.8! 576.8 575.8j 569.4 542 452! 534
Av.
Ilium.
Measured Illuminance (lux) 270 280! 270! 250 120! 140 130! 193.8
280 310! 300 300
300 310
180 160! 160 160! 231.3
300 340! 280 270! 205 275.6200!
240!280 300! 220 200 200! 200 232.5220!
240 250! 190! 160 150 160! 180 190190!
296! 260!274 248 186j 1761 177 180! 225
Percentage Difference 51.8333.00 76.70 82.42! 71.13 68.06
40.04 45.04 49.32! 70.05 72.97 71.68
39.76 43.05 52.15! 51.41 55.97 57.14! 65.78 60.08
40.68 63.64 66.941 6650; 
7126|~ 68.99
64.85 53.49
63.1141.32 49.19 69.35 63.41 53.66!
Normalisation Factor 0.420 Aver. Diff. (%) 57.7
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Figure A56b Average percentage difference results for Room UOSRM21
y = 95.0691 - 0.1666x R = 0.87
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Table A57a Percentage Differences Room UOSRM22
Av.
Predicted Illuminance (lux) Ilium.
101 123 i 123! 101 112
169 165! 141 154
114 104.5
141 169! 165 141 154
101 123! 101123! 112
Av. Ilium. 115.8 139.6! 138! 115.8 127
Av.
Ilium.
Measured Illuminance (lux)! 120
,  — 130! 135 130 128.8
200! 225 205 200
125! 185 170 142.5
145 102.5
~ ~ 1 5725
Av. Ilium. 91.8 114! 154! 145 126
Percentage Difference -18.8 -5.69 -9.76 -28.7
- 20.6 -183 -36.4 -45.4
5.263 -9.65 -623 -78.9
68.09 55.62 -2.8412.12
66.34 67.48 34.96! 25.74
Normalisation Factor 0.991 Diff. (%)3 Aver. -0.1
Percentage Difference 18.81 5.691 9.756 28.71
20.57 1834Modulus 3636 45.39
5.263 9.649 6228 78.95
68.09 55.62 12.12 2.837
66.34 67.48 34.96! 25.74
(%)3 Aver. Diff. 33.6
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Figure A57b Average percentage difference results for Room UOSRM22
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□ Average percentage difference = -0.1 %
y  =  8 2 . 7 4 9  -  0 . 6 5 6 4 x  R  =  0 . 8 7
'-100
100o 200 300
M e a s u r e d  i l l u m i n a n c e  ( l u x )
F i g u r e  A 5 7 b b  S t a t i s t i c a l  a n a l y s i s  r e s u l t s  f o r  R o o m  U O S R M 2 2
180
160
y  =  1 0 7 . 4 9 3 3  +  0 . 1 5 6 9 x  R  =  0 . 3 5
140
ED
120
Predicted = Measured
□ D100
1000 200 300
Measured illuminance (lux) A177
AD
DI
TI
O
NA
L 
SU
RV
EY
 
IN
FO
RM
AT
IO
N 
& 
PR
ED
IC
TE
D 
IL
LU
M
IN
AN
CE
 
TA
BL
E 
A5
8 
UN
IV
ER
SI
TY
 
OF
 
SU
RR
EY
 
GK
C 
RO
OM
 
NO
. 
U
O
SR
M
23
6.05
Measurement grid 
? 1.52 0.76
o
C/3
- - f  4 - - - 1- ^  - - f -
>•> .2
s r t ozi
OS T-H
t ^ o > n
o d d
II II II
O  t|_i >
a  a  a
' ' t  in  »o in  
o  d  o ' o
e
o
II II II II
oUi
S0
TD
1
..9
g - f  !_____
a .  a .  a .  q - t^  
p
*  x)
e/>CN
5 o
CN
u
P
t
P
£
X !
00 . .  • *TH
. 8 1  EC §
-Z r-4 W ),Q
B ' X . S m
© .2 rp '3
O  Q  __<D Tp
a
o
o
P4
*§
o
PQ
©o
p
CN CN
Vi
pIn • •
« 1  
s z
o
£
<+H
P
2
*S3
.a as ^H  s_< 
g  00 P  
O C A
w  a  & 
« §
*<
*
S 6
c r c r
O  P
o  o  
o  o  
t>  in
II II
p
9
£  Jo VO 0\ 00r  vo  On Os i o  tN  
N  N  N  N  N  N
> m o o > n ,N  vo t" i> cn vo
t—H  ^ H  i-H
m  in  o  in  vo
VO OS O  ^  tN
o  un o  in  oo 
O  vo O  CN
CN CN CN CN <N
o o i n o j t  
vo O  Os tN1 I CN ' I T-H
in  in  o  o  o  
cn vo t>  cn in
o  o  0 ^ 3  O  3  S  P  5  N  °  3  ^
P i C U U ^ S
P  03 X  
P  = =
S c ®
g o o
C  *1-H * lH
• g o o|  a a
h lQ Q
p
p
eaa
a
j a
3
T3
P>h
Pcn
Cl
p
p00
2
P
►
<
r-H OS
oo vo
II II
a
o
&
oo vo  »n cn  
oo o  cn
t- H  i—H
II II II II
p
in g
v® I *“ 1oo o  o  o'* »n o  
t - i  cn cn oo cn os
II II II II II
00 00 CO
Vi
p3h•TH
cda•THa
p
H-l
P  cn ^  *-* CSes 00a
2  e  a
»o g  Ph
IOOIO t »-—< in
o d d
p  °B  P
© Ol© P
ps;
p
CD
2 > <
>  O s O s >  v o  
<3 cn CN CN CN CN
^ ■ N in in nH in m n r q
CN CN CN CN CN
cn t-h oo os i n  
vo t-h o  i n  oo 
cn cn cn cn cn
O  cn ^  o s  tN  
l>  CN CN vo  Os
cn  cn cn c n  cn
cn  t-h oo os i n  
VO T-H o  »n oo 
cn  cn cn cn  cn
N - n  >n i n  nT-H in m HH Crj
CN CN CN CN CN
P
Pfl
Cd
B
P
a
T3
P
T3
PJh
PA
P
on
&
p
p
oo
cn
cn
p
8  VO
O  vo  
55 d
00IN
Table A58a Percentage Differences Room UOSRM23
Av.
Predicted Illuminance (lux) Ilium.
214! 262 2701 262 244.4214
257|2571 311 323; 311 291.8
255[ 3081 324
 j 215j 2591__ 269
308 255 1 290
]  243.4259 215;
Av. Ilium. 235.3| 2851 296.5 285 ; 235.3 267
Av.
Ilium.  I !______
135! 160| 200; 165Measured Illuminance (lux) 165; 165
165! 2001 245; 195 175; | 196
j ^170 195; 260j 200 170!
1301 140! | 151205; 145 135;
Av. Ilium. 227.5 176.3; 16131 178
Percentage Difference 36.92! 38.93 25.93; 37.02 22.90;
24.15
33.33| 36.69; 
39.531 45.95
19.75 35.06 3333
23.79; 44.02 3721
Normalisation Factor 0.664 Diff.Aver.
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Figure A58b Average percentage difference results for Room UOSRM23
y = 59.6913 - 0.1459x R = 0.73
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□ Average percentage difference = 33.8%
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Table A59a Percentage Differences Room UOSRM24
i Av.
Predicted Illuminance (lux) I Ilium.
294 419 477 453 422] 394 409.8
365 640! 722 712 6641 500 600.5
315 681 711 842 7751 426 625
394 634 680 953 716} 560 656.2
293 616 640 820 697} 409 579.2
164 409 435 476 459} 208 358.5
}
s
Av. Ilium. 304.2 5665 610.8 709.3 6222} 416.2 538
| Av.
. . . -
j Ilium.
Measured Illuminance (lux) 250 420 450 360 360} 340 363.3
210 460 460 400 420} 310 376.7
220 480 470 440 460} 360
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
405
250 480 510 480 470} 350 423.3
260 440 480 480 460} 340 410
.  - . T* 155 300 360 380 370} 190 292.5
. . . . . . . . . . . . . . . . . . . . . . . . . . . .
J
j
1 Av. Ilium. 224.2 430 455 423.3 4233} 315 378
1
Percentage Difference 14.97 j 1)23 5.660 20.53 14.69} 13.71
42.47 | 28.13 3629 43.82 j 36.73} 38
30.16 | g g y 33.90 47.74 | 40.65} 15.49
36.55 I 2429 25 49.63 3436} 375
11.26'j 2857 25 41.46 ; 34.00} 1637
:
i........................ 5.488 i~2655 17.24 20.17 ; 1939 j 8.654
Normalisation Factor 0.703 ! Aver. Diff. !(%) 265
!. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
j }
Percentage Difference 14.97 | 0.238 5.660 20.53 } 14.691 13.71
Modulus 42.47 j 28.13 3629 43.82 | 36.75 } 38
30.16 | 2952 33.90 47.74 ! 40.65} 15.49
36.55 j 2429 25 49.63 j 34.36} 375
11.26 | 2857 25 41.46 ! 34.00} 1637
5.488 ; 26.65 17.24 20.17 | 1939} 8.654
! Aver. Diff. !(%) 265
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Figure A59b Average percentage difference results for Room UOSRM24
Average percentage difference (modulus) = 26.5%
40-
Average percentage difference = 26.5%
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800
600
400
Ed Predicted = Measured
200
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T a b l e  A 6 0  K e y  t o  T a b l e s  A 1  -  A 5 9
nTTTl TVnTITnTTTTTTTTTTTl
2.4 metre single batten
2.4 metre double batten
2.4 metre double batten with diffuser
1.8 metre surface mounted enclosure
1.8 metre surface mounted enclosure
1.8 metre single batten with diffuser
1.8metre single batten
1.8 metre double batten with diffuser
1.5 metre double batten with diffuser
1.5 metre double batten with reflector
1.5 metre single batten
1.2 metre surface mounted enclosure 
1.2metre single batten with diffuser
1.2 metre fully recessed enclosure
The chalkboard 
The notice board
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APPENDIX B 
Photometric data for all luminaires
Table Bl: Photometric data relating to GKC luminaire N o.l as Thorn SMO.l
S M O .1  : 1685 Descript ion Format singie 100mm w ide S-M fitt ing w i t n
opal -s i dea Drismat ic based cont ro l l er
Report  Number 5 0 0 /1L/5 384 • 1
Light Output  Ratio Up 12% Down 37% Total 49%
Re c o mme nde d  Max S / Hm Ratio 1.46
Luminous Intensi ty c d / 1000  Im As pe c t  Factors
Angle
(degrees)
Transverse 
Plane (T)
Axial 
Plane (A)
Angle
(degrees)
Parallel
Plane
Perpendicular
Plane
0
5
10
15
20
25
30
35
40
45
50
55
60
65
70
75
80
85
90
95
100
105
110
115
120
125
130
135
140
145
150
155
160
165
170
175
180
135 
135 
139  
135 
131 
123  
1 1 2  
96  
85 
76 
70 
66  
6 2 
59 
58 
56 
55 
54 
53 
51 
50 
45 
42 
39 
37 
34  
31 
28 
25 
1 
1 
1 
1 
1 
1 
1 
1
135 
13? 
1 30 
127 
1 2 1  
115 
106 
9 2 
7 H
to 1 
4 4  
33 
25 
1 8 
1 3
9
5
3
1
1
1
1
1
1
1
1
1
1
1
1
1
1
i
1
1
1
0 , 0 0  
o . 0 0  
0 , 0 1  
0 . 0 3  
0 , 0 6  
0 , 0 9  
0,12  
0 . 1 6  
0 . 1 9  
0 . 2 2  
0 . 2 5  
0 .2 6  
0 . 2 8  
0.29  
0 . 3 0  
0 .3 1  
0 . 3 1  
0 . 3 2  
0 . 3 2
o.o^
u.  I 7
0 , 3 3
0 ,  40
0 . 4  7
0 , 6 4
0 . 6 6
0 , 6 6
0 , 6 6
0 10
jminous intensity in candelas =
cd/1000 I m x l u m e ^ s  t rom 1 i a m p x n o .  of  :amDS 
1000
B l
Table Bl: Photometric data relating to GKC luminaire N o .l as Thorn SMO.l
Uti l i sation Factors  at S/Hm 1.25
Effective Reflectances Room Index
Work Plane Ceiling Wall Hs/Hm 0.6 0.8 1.0 1.25 1.5 2.0 2.5 3.0 4.0 5.0
20% 70% 50% 0 22 26 29 32 34 18 40 4 2 4 4 45
0.3 20 24 27 30 32 36 38 L b 44 44
1.0 19 22 25 28 30 33 36 38 40 42
30% 0 19 22 25 29 31 35 37 39 41 43
0.3 1? 20 23 26 29 32 35 37 40 42
1.0 16 19 21 24 26 30 32 34 37 40
10% 0 17 20 23 26 28 32 35 36 39 41
0.3 15 13 20 24 26 30 32 34 38 40
1.0 14 17 19 22 23 27 29 31 35 37
50% 50% 0 21 24 27 29 31 34 36 38 39 41
0.3 20 23 25 28 30 33 35 37 39 46
1.0 19 21 24 27 29 32 34 35 36 39
30% 0 1 H 21 24 27 26 32 34 35 38 39
0.3 17 20 22 25 27 30 33 34 37 33
1.0 16 19 . 21 24 25 28 31 32 35 37
10% 0 16 19 21 24 26 29 32 33 36 38
0.3 15 17 20 23 24 28 30 32 33 37
1.0 U 16 10 21 23 26 28 30 33 38
30% 30% 0 17 20 22 23 26 29 31 32 34 36
0.3 16 19 21 24 26 26 30 32 34 3S
1.0 16 18 21 23 25 27 29 31 33 34
10% 0 15 18 20 23 24 27 29 31 33 34
0.3 14 17 19 22 23 26 28 30 32 34
1.0 14 16 18 21 22 25 27 29 31 33
0-100% 0% 0% 13 13 17 20 21 24 23 26 28 29
BZ Classi f i cat ion 5 5 5 5 8 5 5 6 6 6
Flux Fraction Ratio , 3 3
Luminaire Length (mm) 1200 1800
Wattage 40 85
Conversion Factors  (PC &  UF) 1.04 1.00
Luminous Area (sq m) 0.130 0.185
Glare Indices Convers ion Terms - 1 .2 —
Glare indices
Ceiling RF% 70 70 50 50 30 70 70 50 50 30
Wall RF% 50 30 50 30 30 50 30 50 30 30
Floor RF% 14 14 14 14 14 14 74 14 14 14
Room Dimension Viewed Crosswise Viewed Endwise
X Y
2H 2H * . 5 1 1 . * 1 0 . 3 1 2 . 0 1 3 . 1 7 . 2 6 . 6 8 , 0 9 . 7 1 0 . 7
3H 1 2 . 8 1 4 . 3 1 3 , 6 1 5 . 2 1 6 . 3 9 . 2 1 0 . 7 1 0 . 0 1 1 . 6 1 2 . 7
4H 1 6 , 6 1 6 , 0 1 5 . 4 1 6 . 9 1 8 , 0 1 0 . 1 1 1 . 5 1 1 . 0 1 2 . 5 1 3 , 6
6H 1 6 , 5 1 7 . 9 1 7 . 3 1 8 . 7 1 9 . 8 1 1 . 0 1 2 . 4 , 1 J . 8 1 3 . 2 < 4 , 4
8H 1 7 . 4 1 8 . 8 1 5 , 3 1 9 . 7 ? 0 , 3 1 1 . 3 1 2 . 7 1 2 , 2 1 3 . 6 1 4 , 7
12H 1 8 . 5 1 9 , 8 1 9 , 4 2 0 . 7 21 . 8 1 1 . 7 1 2 . 9 1 2 . 6 1 3 . 9 1 5 , 0
4H 2H 1 0 , 3 1 1 . 7 1 1 . 2 1 2 . 7 1 3 . 6 8 . 6 1 0 . 0 9 . 4 1 0 . 9 1 2 , 0
3H 1 4 . 0 1 5 . 3 1 4 . 9 1 6 . 2 1 7 , 3 1 1 . 1 1 2 . 3 1 1 . 9 1 3 . 3 1 4 , 4
4H 1 6 , C 1 7 . 2 1 6 . 9 1 8 . 2 1 9 . 3 1 2 , 3 1 3 . 5 1 3 , 2 1 4 . 4 1 5 , 6
6H 1 8 . 2 1 9 . 3 1 9 . 1 2 0 , 3 2 1 . 4 13. '5 1 4 . 6 < 4 . 4 1 5 . 6 1 6 , 7
8H 1 9 . 4 2 0 . 4 2 0 . 3 2 1 . 3 2 2 . 6 1 4 . 1 1 5 . 1 1 5 . 0 1 6 , 0 1 7 . 3
12H 2 0 , 6 2 1 . 5 2 1 . 5 2 2 . 5 2 3 , 7 1 4 . 5 1 5 . 5 < 5 . 5 1 6 . 5 1 7 . 7
8H 4H 1 6 , 8 1 7 . 6 1 7 , 7 1 8 . 7 1 9 . 9 1 4 . 0 1 5 . 0 1 4 , 9 1 6 . 0 1 7 , 2
6H 1 9 . 3 2 0 . 2 2 0 , 3 2 1 , 2 2 2 . 4 1 5 . 6 1 6 . 5 1 6 . 6 1 7 . 5 1 8 , 7
8H 2 0 , 7 2 1 . 5 2 1 . 7 2 2 . 5 2 3 . 7 1 6 , 4 1 7 . 3 1 7 . 4 1 8 . 2 1 6 . 3
12H 2 2 , 2 2 2 . 9 2 3 . 2 2 3 . 9 2 5 . 2 1 7 . 2 1 7 . 9 <8.:* 1 8 . 9 ? 0 , 2
1 2H 4H 1 6 , 9 1 7 , 9 1 7 , 9 1 8 . 8 2 0 , 1 1 4 , 6 1 5 . 6 1 3 . 6 1 6 , 5 1 7 , 8
5H 1 9 , 6 2 0 , 4 2 0 , 6 2 1 . 4 2 2 . 6 1 6 , 5 1 7 . 3 1 7 , 3 1 § ,  3 1 9 . 3
8H 2 1 . 1 2 1 . 8 2 2 , 1 2 2 . 8 2 4 , 1 1 7 . 5 1 8 . 2 1 8 , 3 1 9 , 2 2 0 , 3
12H 2 2 , 7 2 3 . 4 2 3 . 7 2 4 . 4 2 5 . 7 1 6 . 4 1 0 . 1 1 9 , V * 0 , 1 2 1 , 4
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xauic u±. rnotom etric data relating to GKC luminaire No.2 as Thorn PP
Twin.
PP 2675 Descript ion Wide tw in  batten
Report  Number  500 /IL /5304 /1
Light Output  Ratio Up 40% D ow n 54% Total 94%
Re c o mme n d e d  Max S / H m  Ratio 1.82
, , cd/1000 Im x lumens from 1 lamDX no. of lamDs 
Luminous intensity in candelas=-------------------------------i'nnn-------------------------------
Uti l i sat ion Factors at S /Hm 1.50
Effective Reflectances Room Index
Work Plane Ceiiing Wall Hs/Hm 0.6 0.8 1.0 1.25 1.5 2.0 2.5 3.0 4.0 5.0
20% 70% 50% 0 33 42 46 S4 39 63 70 7 3 78
0.3 27 36 42 48 53 60 66 69 75
1.0 23 31 36 41 46 S3 58 63 69
30% 0 26 33 41 47 52 39 64 68 73
0.3 21 29 33 41 45 S3 59 63 69
1.0 18 24 29 34 38 43 51 55 62
10% 0 21 30 36 42 46 54 59 63 69
0.3 16 24 29 33 39 47 53 58 64
1.0 14 20 24 29 33 39 45 49 56
50% 50% 0 29 37 42 47 50 56 60 63 66
0.3 23 33 38 43 47 33 57 60 63
1.0 22 30 34 39 43 49 53 57 61
30% 0 23 31 36 41 45 51 55 59 63
0.3 19 27 32 37 41 47 52 53 60
1.0 17 24 28 33 36 42 47 50 56
10% 0 19 27 32 37 41 47 52 S3 60
0.3 13 22 27 32 36 42 47 51 56
1.0 14 20 24 28 31 37 41 45 51
30% 30% 0 20 27 31 36 39 44 47 50 54
0.3 18 23 29 33 37 42 46 49 53
1.0 17 23 27 31 34 39 43 46 50
10% 0 17 23 28 32 33 41 44 47 51
0.3 14 21 25 29 32 38 42 45 49
1.0 14 20 23 27 30 33 39 42 46
0-100% 0% 0% 12 18 21 24 27 31 34 36 39
BZ Classi f icat ion — 6 6 6 6 6 6 6 6 6
Flux Fraction Ratio . 7 3
Luminaire Lenatn (mm) 600 1200 1500 1800 2400
Wattage 2 x 2 0 2 x 4 0 2 x 6 5 2 x 7 5 2 x 1 2 5
Convers ion Factors (PC & UF) 0.96 0.99 1.00 1.00 1.00
Luminous Area <sa m) 0.095 0.190 0.236 0.276 0.370
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F i g u r e  B 2 a  I n t e n s i t y  d i s t r i b u t i o n  o f  l u m i n a i r e  N o .  2  [ P P D 2 6 7 5 ]
90
150
180
Intensity per 1000 lamp lumens
210
270
□ 0 Degrees azimuth
•  30 Degrees azimuth
a 60 Degrees azimuth
# 90 Degrees azimuth
Figure B2b Direct illuminance on a horizontal plane 2.4 m below luminaire No. 2 [PPD2675]
90
150
180
210
270
□ Column 2 = 15 lux 
♦ Column 3 =10 lux 
a Column 4 =5 lux
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________   A^ AciLxiig lu luminaire i\o .3  as Thorn PPD
Twin.
Descr ipt ion Popular pacK tw in  Diast ic ai f fuser
Report  Number 5 0 0 / IL /5 306 / I
Light Output  Ratio Up 42% D ow n 38% Total 80%
R e c o m m e n d e d  Max S/ H m  Ratio 1.74
Luminous Intensity c d /1 00 0 Im Aspe c t  Factors
Angle
(degrees)
Transverse 
Plane (T)
Axial 
Piane (A)
Angle ParaHe; 
(degrees) Plane
Perpendicular
Plane
0 100 100 0 0 , 0 0 0 . 0 0
5 101 100 5 0 , 0 9 0 . 0 0
10 102 9 7 10 0 . 1 7 0 , 0 2
15 101 93 15 0 . 2 3 0 , 0 3
20 101 92 20 0 . 3 3 0 , 0 6
25 99 88 25 0 , 4 0 0 . 0 9
30 97 63 30 0 . 4 7 0 . 1 2
35 9* 77 35 0 . 5 3 0 . 1 6
40 ♦ 1 71 40 0 , 3 8 0 . 2 0
45 84 64 45 0 , 6 2 0 . 2 4
50 •  2 37 50 0 . 6 6 0 . 2 8
1>5 77 s o 55 0 . 4 9 0 . 3 2
60 72 42 60 0 . 7 1 0 . 3 3
65 64 34 65 0 , 7 3 0 , 3 8
70 61 26 70 0 . 7 4 0 . 4 0
75 37 18 75 0 . 7 4 0 . 4 2
80 S3 9 80 0 . 7 4 0 , 4 3
85 49 3 85 0 . 7 4 0 . 4 4
90 47 0 90 0 . 7 4 0 . 4 4
95 48 3
100  32  10
105 30 20
110  3? 31
115 02 42
120  07 33
125 72 00
130 77 77
135 03 • •
140 02  90
145 100 100
150 113 113
155 121 121
160 127 127
165 131 131
170 134 134
175 130 130
180 137 1J7
cd /1000  i m x i u m e n s  f r o m  1 l a m D x n o .  of l a m . D S  
. u m i n o u s  i n t e n s i t y  i n  c a n a e i a s  = --------------------------------------------------- f 0 0 0 ---------------------------------------------------
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iaDie i33: Photometric data relating to GKC luminaire No.3 as Thorn PPD
Twin.
Uti l i sation Factors  ai S/Hm 1.50
Effective Reflectances Room Index
Work Plane Ceiiina Wall Hs/Hm 0.6 0.8 1.0 1.25 '.5 2.0 2.5 3.0 4.0 5.0
20% ~ j % 50% 0 29 36 42 46 50 S3 59 62 65 68
0.3 23 30 35 41 43 31 S3 58 62 65
1.0 18 23 29 34 37 43 48 51 57 60
30% 0 23 31 36 41 43 50 55 58 62 65
0.3 17 24 29 34 38 44 49 53 58 61
1.0 14 20 23 27 31 37 41 45 51 55
10% 0 19 26 31 36 40 46 51 54 59 62
0.3 13 20 24 29 33 40 44 48 54 58
1.0 11 16 20 23 26 32 36 40 45 50
50% 50% 0 24 31 35 39 42 46 49 51 54 56
0.3 21 27 32 36 39 43 47 49 S3 55
1.0 18 24 28 31 33 39 43 46 49 52
30% 0 20 26 31 35 38 43 46 48 52 54
0.3 16 22 26 30 33 39 42 45 49 52
1.0 14 19 22 26 29 34 37 40 44 47
10% 0 16 23 27 51 34 39 43 46 49 52
0.3 13 18 22 26 29 35 38 41 46 49
1.0 11 16 19 22 23 29 33 36 40 44
20% 30% 0 17 22 26 29 32 35 38 40 43 44
0.3 13 20 24 27 30 34 36 38 41 43
1.0 13 19 22 25 27 31 34 36 39 41
. . 10% 0 14 20 23 26 29 33 36 36 41 43
0.3 12 17 20 23 26 30 33 36 39 41
1.0 11 16 18 21 23 27 30 32 36 38
0-100% 0% 0% 10 14 16 19 20 23 25 27 29 30
BZ Classi f icat ion — 6 6 6 6 6 6 6 6 6
Flux Fraction Ratio 1 . 1 2
Luminaire Lengtn (mm) 600 1200 1500 1800 2400
Wattage 2 x 2 0 2 x 4 0 2 x 6 5 2 x 7 5 2 x 1 2 5
Conversion Factors  (PC & UF) 1.03 1.04 1.00 1.00 1.00
Luminous Area isq m) 0.125 0.244 0.302 0.355 • 0.474
Glare indices  Convers ion Terms -3 .9 - 1 .4 -0 .7 — -1 .0
Glare Indices
Ceiling RF% 70 70 50 50 30 70 70 50 50 30
Wall RF% 50 30 50 30 30 50 30 50 30 30
Floor RF% 14 i *+ *4 14 14 - A 1 4 14 14 14
Room Dimension Viewed Crosswise Ziewea Endwise
X Y
2H 2H 6 . 1 7 . 3 7 , 3 s ; s 1 0 , 1 5 . 2 6 , 4 6 . 3 7 , 6 9 . 2
3H. 9 . 0 1 0 , 2 1 0 , 2 1 1 . 4 1 3 . 0 7 . 5 8 , 6 8 . 7 9 . 8 1 1 . 5
4H 1 0 , 5 1 1 . 6 1 1 . 7 1 2 . 8 1 4 , 4 8 . 5 9 . 5 9 . 7 1 0 , 8 1 2 . 4
6H 1 2 . 1 1 3 , 1 1 3 . 3 1 4 , 3 1 5 . 9 9 . 3 1 0 , 3 1 0 . 4 1 1 . 5 1 3 . 1
8H 1 2 . 9 1 3 , 9 1 4 . 1 1 5 . 1 1 6 . 8 9 , 5 1 0 , 5 1 0 , 7 1 1 . 7 1 3 . 4
1 2 - 1 3 , 8 1 4 , 7 1 5 , 0 1 3 . 9 1 7 , 6 9 , 7 1 0 , 7 1 0 , 9 11 . 9 1 3 . 6
4H 2H 7 , 1 8 , 2 8 , 3 9 . 4 1 1 , 0 6 . 4 7 . 5 7 . 6 8 . 7 1 0 . 4
3H 1 0 , 4 1 1 , 3 1 1 . 6 1 2 . 5 1 4 , 2 9 , 1 1 0 , 0 1 0 , 3 1 1 . 2 1 2 . 9
4H 1 2 . 1 1 2 . 9 1 3 . 3 1 4 . 1 1 5 , 8 1 0 . 2 1 1 . 1 1 1 . 4 1 2 . 3 1 4 . 0
6H 1 3 . 6 1 4 . 6 15 . 1 1 3 . 9 1 7 , 6 . 1 1 . 2 1 2 , 0 1 2 . 4 1 3 , 2 1 4 . 9
8H 1 4 . 8 1 5 , 5 1 6 , 0 1 6 , 8 1 8 , 5 1 1 , 6 1 2 , 3 1 2 . 9 1 3 , 6 1 5 . 3
1 2 - 1 3 . 8 1 6 , 5 17 . 1 1 7 . 7 1 9 . 5 1 1 . 9 1 2 . 6 1 3 . 2 1 3 , 9 1 5 . 6
8H 4H 1 2 . 7 1 3 , 4 1 4 . 0 1 4 . 7 1 6 , 4 1 1 . 3 1 2 , 0 1 2 . 5 1 3 . 3 1 5 . 0
6H 1 4 . 8 1 3 , 5 16 , 1 1 6 . 7 1 8 , 5 1 2 . 6 1 3 . 2 1 3 . 9 1 4 , 5 1 6 . 2
8H 1 6 , 0 1 6 , 6 1 7 . 3 1 7 . 9 1 9 , 6 1 3 . 2 1 3 , 8 1 4 , 5 1 5 , 0 1 6 . 8
12H 1 7 . 3 1 7 , 8 1 8 , 6 1 9 . 1 2 0 , 8 1 3 . 7 1 4 . 2 1 5 . 0 1 5 . 5 1 7 . 3
12H 4H 1 2 . 9 1 3 , 3 1 4 , 1 1 4 , 8 1 6 , 5 1 1 . 7 1 2 . 3 1 2 . 9 1 3 , 6 1 5 . 3
6H 1 5 , 1 1 5 , 7 1 6 , 4 1 6 . 9 1 8 , 7 1 3 . 1 1 3 . 7 1 4 . 4 1 5 , 0 1 6 , 7
8H 1 6 , 4 1 6 , 9 1 7 , 7 1 8 . 2 1 9 , 9 1 3 . 9 1 4 . 4 1 5 . 2 1 5 , 7 1 7 . 4
12H 1 7 . 8 1 8 , 3 1 9 , 1 1 9 , 6 2 1 . 3 1 4 , 6 1 5 , 0 1 5 . 9 1 6 , 3 1 8 . 1
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Table B4: Photometric data relating to GKC luminaire No.7 as Thorn
SMWO.4.
S M W O . 4  : 3 6 8 5  Descript ion r o r m a t  3 i a m D  400mm w i a e  S -M  f i t t i ng
ccai  side Dr ismat ic case con t ro l l er
Report  Number cOO/l L /5396/1
Light Output  Ratio L o 4% D ow n 46% Io ta :  50%
Re c o mme nde d  Max S / Hm Ratio ; . : s
Luminous intensi ty cd/ 1000  Im As pec t  Factors
Angle
(degrees)
Transverse' 
Plane (T)
Axiai 
Piane (A)
Angie  Parallel 
(degrees) Plane
Perpenaicuiar
Plane
0 1? 7 197
5 197 19*
10 197 193
15 194 190
20 19? 112
25 106 173
30 170 162
35 169 143
40 139 123
45 106
50 66
55 71
60 36
65 4?
70 54
75 28
80 23
85 19
90 13
95 15
100 14
105 1 4
110 15
115 1?
120 12
125 11
130 10
135 9
140 6
145 1
150 1
155 1
160 1
165 0 0
170 0 0
175 0 0
180 0 0
0 0 . 0 0 0 . 0 0
5 0 . 0 9 0 . 0 0
10 0 . 1 7 o . o ?
15 0 . 2 3 0 . 0 3
20 0 . 3 3 0 . 0 6
25 0 . 4 1 0 . 0 9
30 0 . 4 7 0 . 1 2
35 0 . 5 3 0 . 1 6
40 0 . 5 6 0 . 1 9
45 0 . 6 1 0 . 2 3
50 0 . 6 4 0 . 2 6
55 0 . 6 6 0 . 2 6
60 0 . 6 7 0 . 3 0
65 0 . 6 6 0 . 3 2
70 0 . 6 6 0 . 3 3
75 0 . 6 6 0 . 3 3
80 0 . 6 6 0 . 3 4
85 0 . 6 6 0 . 3 4
90 0 . 6 9 0 . 3 4
c d /1 000 Im x  lumens from 1 i a m D X  no. of lamps 
Luminous intensity in candeias = -----------------------------------i~000----------------------------------
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 - . . .m u , uoia iciaung to ijKCJ luminaire No.7 as Thorn
SMWO.4.
Uti l i sation Factors  at S/Hm i . z 0
Effective Reflectances Room index
Work Plane Ceiling Wall -s /H m 0.6 0.8 1.0 1.25 • 5 2.0 3.0 4.0 5.0
20% 70% 50% J 26 34 37 40 42 45 47 49 SO 52
0.3 25 33 3ft 39 41 44 46 48 50 51
1.0 24 31 34 37 39 42 ‘ 4 46 4ft 50
30% 0 25 31 34 37 39 i t 45 46 49 50
0.3 22 30 33 36 38 41 45 45 48 49
1.0 21 29 32 34 36 39 47 43 46 46
10% 0 20 2ft 31 34 37 40 45 44 47 49
0.3 20 27 30 33 35 39 41 43 46 46
1.0 19 27 30 32 34 37 4 n 41 44 4o
50% 50% 0 16 33 3ft 3ft 40 43 45 46 47 49
0.3 25 32 35 3ft 39 42 44 45 47 46
1.0 24 31 34 37 38 41 45 44 4ft 47
30% 0 22 30 33 3ft 3ft 41 45 44 46 47
0.3 22 29 32 35 37 40 4? 43 45 47
1.0 21 29 -31 34 36 39 41 42 44 4o
10% 0 20 28 31 34 36 39 41 43 45 46
0.3 20 27 30 33 35 38 40 42 44 45
1.0 19 27 29 32 34 37 59 40 43 44
30% 30% 0 22 29 32 35 3ft 39 41 42 44 43
0.3 22 29 32 34 36 39 4n 42 43 45
1.0 21 2d 31 34 35 38 40 41 43 44
- 10% 0 20 27 30 33 35 37 39 41 43 44
0.3 20 27 50 32 34 17 39 40 42 44
1.0 19 27 29 32 34 Sft 3ft 40 42 45
0-100% 0% 0% 19 2ft 28 31 33 35 37 39 40 41
BZ Classi f icat ion — 2 2 3 3 3 5 3 4 4
Flux Fraction Ratio . 0 9
Luminaire Length (mm) 1800
Wattage 3 x 8 5
Conversion Factors  (PC &  UF) —
Luminous Area (sa m) 0.740
Glare i ndices  Convers ion Terms —
Glare indices
Ceiling RF% 70 70 50 50 30 70 70 30 50 30
Wall RF% 50 30 50 30 30 50 30 30 30 30
Floor RF% 14 14 14 14 14 14 14 14 14 14
Room Dimension /iewea Crosswise Viewea Enavvis e
X Y
2H 2H 6 . 2 8 , 1 f t . • 8 . 6 9 . 3 5 . 7 7 . 6 6 . 3 8 , 2 8 . 8
3H 8 . 4 1 0 , 1 9 , 0 1 0 . 7 1 1 . 4 7 . 5 9 . 2 8 . 1 9 . 8 m . 5
4H 9 .  ft 1 1 . 3 1 0 . 3 1 1 . 9 1 2 . 6 8 . 4 1 0 . 0 9 . 0 1 0 . 6 1 1 . 3
6H 1 0 . 9 1 2 . 6 1 1 . ft 1 3 . 1 1 3 . 8 9 . 2 1 0 . 8 9 . 8 1 1 . 4 1 2 . 1
8H 1 1 . ft 1 3 . 1 1 2 . 3 1 3 . 7 1 4 . 4 9 . 6 1 1 . 1 1 0 . 3 1 1 . 7 1 2 . 4
12H 1 2 . 3 1 3 . 7 1 3 . 0 1 4 . 4 1 5 . 1 1 0 , 0 1 1 . 4 1 0 . 6 1 2 . 0 1 2 . 8
4H 2H 6 . 9 8 . 5 7 , 5 9 . 1 9 . 8 6 . 5 8 . 1 7 . 1 8 . 7 9 . 4
3H 9 . 5 1 0 . 9 1 0 . 2 1 1 . 6 1 2 . 3 8 . 7 1 0 . 1 9 . 3 1 0 . 7 1 1 . 5
4H 1 1 . 0 1 2 . 3 1 1 . 7 1 3 . 0 1 3 . 8 9 . 9 1 1 . 2 1 0 . 3 1 1 . 8 1 2 . 6
6H 1 2 . 7 1 3 . 9 1 3 . 4 1 4 . 5 1 3 . 3 1 1 . 1 1 2 . 2 1 1 . 8 1 2 . 9 1 3 . 7
8H 1 3 . 5 1 4 , 6 1 4 . 2 1 3 . 3 1 6 . 1 1 1 . 7 1 2 . 7 1 2 . 4 1 3 . 4 1 6 . 3
12H 1 4 . 4 1 5 . 4 1 3 . 1 1 6 . 1 1 7 . 0 1 2 . 1 1 3 . 2 1 2 . 9 1 3 . 9 1 4 . 7
8H 4H 1 1 . 9 1 3 . 0 1 2 .  ft 1 3 . 7 1 4 . 3 1 0 . 9 1 2 . 0 1 1 . 6 1 2 . 7 1 3 . 3
6H 1 3 . 9 1 4 , 8 1 4 . 6 1 5 . 6 1 6 . 4 1 2 . 6 1 3 . 5 1 3 . 3 1 4 , 3 1 5 . 1
8H 1 5 . 0 1 5 . 8 1 3 . 7 1 f t . 6 1 7 . 4 1 5 . 4 1 4 , 2 1 4 . 1 1 3 . 0 1 5 . ft
12H 1 6 . 1 1 6 . 8 1 6 , 9 1 7 . 6 1 8 . 3 1 4 . 1 1 4 . 8 1 4 . 9 1 5 . 6 1 6 . 5
12H 4H 1 2 . 1 13 . 1 1 2 . • 1 3 , 8 1 4 . 7 1 1 . 3 1 2 . 3 1 2 . 0 1 3 . 0 1 3 . 9
6H 1 4 . 3 1 5 . 1 1 3 . 0 1 3 . 8 1 6 . 7 1 3 . 1 1 4 . 0 1 3 . 9 1 4 . 7 1 5 . 6
8H 1 5 . 5 1 6 . 2 1 6 . 2 1 7 , 0 1 7 . 8 1 4 . 0 < 4 . 8 1 4 . 1 1 5 . 6 1 6 . 4
12H 1 6 . 7 1 7 . 4 1 7 . 3 1 f t . 1 1 9 . 0 1 4 . 9 1 5 . 6 1 5 . 7 1 6 . 3 1 7 . 2
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Table B5: Photometric data relating to GKC luminaire No.8 as Thorn PPC
Twin.
PPC 2675 Descript ion Pop pack tw in  prismatic controller
Report  Number 500 /IL /5305 /1
Light Output Ratio Up 39% Down 39% Total 78%
R ecom m end ed Max S/Hm Ratio 1.69
Luminous intensi ty cd /1 000  Im A s p e c t  Factors
Angle
(degrees)
Transverse 
Piane (T)
Axial 
Plane (A)
Angle Parallel 
(degrees) Plane
Peroenaicuiar
Plane
0 127 127
5 129 126
10 130 124
15 132 120
20 133 115
25 134 109
30 132 100
35 123 69
40 113 75
45 102 59
50 91 43
55 82 30
60 76 22
65 46 17
70 59 13
75 53 9
80 46 6
85 43 2
90 36 0
95 36 2
100 40 6
105 46 16
110 55 25
115 65 35
120 74 46
125 79 56
130 63 66
135 89 75
140 97 64
145 92 92
150 99 99
155 106 106
160 110 110
165 114 114
170 117 117
175 118 118
180 116 116
0 0 . 0 0 0 , 0 0
5 0 . 0 9 0 , 0 0
10 0 . 1 7 0 , 0 2
15 0 . 2 5 0 , 0 3
20 0 . 3 3 0 , 0 6
25 0 , 4 0 0 . 0 9
30 0 . 4 7 0 . 1 2
35 0 . 5 2 0 . 1 5
40 0 . 5 7 0 . 1 9
45 0 , 6 0 0 . 2 2
50 0 . 6 2 0 . 2 5
55 0 , 6 4 0 . 2 7
60 0 . 6 5 0 , 2 6
65 0 , 6 5 0 , 2 9
70 0 . 6 6 0 , 3 0
75 0 , 6 6 0 . 3 1
80 0 , 6 6 0 . 3 1
85 0 . 6 6 0 . 3 2
90 0 , 6 6 0 , 3 2
Luminous intensity in candelas =
c d /1 000 Im x iu m e n s f r o m l  l a m D x n o .  o f l amDS 
1000
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i auic u j . riiutum etnc aata relating to GKC luminaire No.8 as Thorn PPC
Twin.
Uti l i sat ion Factors  at S/Hm 1.50
Effective Reflectances Room Ir.cex
Work Plane Ceiling Wall Hs/Hm 0.6 0.3 1.0 1.25 1.5 2.0 2.5 3.0 4.0 5.0
20% 70% 50% 0 SO 38 43 48 51 56 60 62 65 68
0.3 25 33 38 43 46 52 56 59 63 65
1.0 21 20 32 36 40 45 49 53 60
30% 0 25 33 38 43 46 52 36 58 62 65
0.3 19 27 32 36 40 46 51 54 58 61
1.0 17 23 11 30 34 39 43 47 52 55
10% 0 21 29 34 39 42 48 52 55 59 62
0.3 16 23 27 32 36 42 46 50 55 58
1.0 14 20 23 26 29 34 38 42 47 51
50% 50% 0 26 33 37 41 44 48 50 52 55 57
0.3 23 30 34 38 41 45 48 50 53 55
1.0 20 27 30 34 37 41 44 47 50 53
30% 0 22 29 33 37 40 44 47 50 53 55
0.3 18 25 29 33 36 41 44 47 50 53
1.0 16 22 26 29 32 36 39 42 46 49
10% 0 19 26 30 34 37 42 45 47 51 53
0.3 13 22 25 29 32 37 41 43 47 50
1.0 14 19 22 25 28 32 35 38 42 45
30% 30% 0 19 25 29 32 34 38 40 42 44 46
0.3 17 23 27 30 32 36 39 40 43 45
1.0 16 22 25 28 30 34 36 38 41 43
. . , _ * 10% 0 16 23 26 29 32 36 38 40 43 45
0.3 14 20 24 27 29 33 36 38 41 43
1.0 14 19 22 25 27 30 33 35 38 40
0-100% 0% 0% 13 18 20 22 24 26 28 30 31 32
BZ Classi f icat ion — 4 4 5 5 5 5 5 5 5
Flux Fract ion Ratio 1 . 0 0
Luminaire Length (mm) 600 1200 1500 1800 2400
Wattage 2 x 2 0  2 x 4 0  2 x 6 5  2 x 7 5  2 x 1 2 5
Conversion Factors  (PC & UF) 1.05 1.05 1.00 1.00 1.00
Luminous Area (sq m) 0.125 0.244 0.302 0.355 0.470
Glare indices  Convers ion Terms —3.9 —1.4 4-0.7 —  —1.0
Glare i ndices
Ceiling RF% 70 70 50 50 30 70 70 50 50 30
Wall RF% 50 30 50 30 30 50 30 50 30 30
Floor RF% 14 14 14 14 14 14 14 14 14 14
Room Dimension Viewed Crosswise Viewed Endwise
X Y
2H 2H 6 , 6 7 . 8 7 . 7 « , 9 1 0 , 5 3 . 2 4 . 4 4 . 4 5 . 6 7 . 2
3H 9 . 2 1 0 , 3 1 0 , 4 1 1 . 5 1 3 . 1 4 . 9 6 , 0 6 , 0 7 . 1 8 . 8
4H 1 0 . 6 1 1 , 6 1 1 . 7 1 2 , 6 1 4 , 4 5 . 6 6 , 6 6 . 0 7 , 8 9 . 4
6H 1 2 , 0 1 3 , 0 1 3 , 2 1 4 , 1 1 5 , 8 6 . 2 7 . 2 7 . 4 8 . 4 1 0 . 0
8H 1 2 . 7 1 3 , 6 1 3 , 9 1 4 . 9 1 6 . 5 6 . 4 7 . 4 7 . 6 3 , 6 1 0 . 2
12H 1 3 . 5 1 4 , 4 1 4 , 7 1 5 . 6 1 7 . 3 6 . 7 7 . 6 7 . 9 8 , 8 1 0 . 4
4H 2H 7 . 2 8 , 3 8 , 4 9 , 5 1 1 . 1 4 . 8 5 , 8 6 . 0 7 . 0 8 . 6
3H 1 0 , 3 1 1 . 2 1 1 . 5 1 2 . 4 1 4 , 0 6 . 7 7 . 6 7 , 9 8 , 8 1 0 . 4
4H 1 1 , 8 1 2 . 4 1 3 . 0 1 3 , 9 1 5 . 5 7 . 5 8 . 3 8 . 7 9 . 5 1 1 . 2
6H 1 3 . 5 1 4 . 2 1 4 . 7 1 5 . 5 1 7 , 2 8 . 3 9 . 0 9 , 5 1 0 , 3 1 1 . 9
8H 1 4 , 4 1 3 , 1 1 5 , 6 1 6 . 3 1 8 , 0 8 . 6 9 . 3 9 . 9 1 0 , 5 1 2 . 2
12H 1 5 . 3 1 5 . 9 1 6 . 6 1 7 . 2 1 8 , 9 8 , 9 9 , 5 1 0 , 2 1 0 , 8 1 7 . 5
8H 4H 1 2 . 3 1 2 . 9 1 3 , 5 1 4 . 2 1 5 , 9 6 .8 9 , 5 1 0 . 1 1 0 , 8 1 7 . 5
6H 1 4 , 3 1 4 , 8 1 5 , 5 1 6 , 1 1 7 , 8 9 , 8 1 0 , 4 1 1 . 1 1 1 . 7 1 3 . 4
8H 1 5 . 4 1 5 . 9 1 6 , 6 1 7 . 1 1 8 , 9 1 0 , 3 1 0 , 8 1 1 , 6 1 2 . 1 1 3 . 8
12H 1 6 . 5 1 7 , 0 1 7 , 0 1 8 , 3 2 0 , 0 1 0 , 8 1 1 . 2 1 2 . 0 1 2 . 5 1 4 . 2
12H 4H 1 2 , 3 1 2 , 9 1 3 , 5 1 4 , 2 1 5 , 9 9 . 3 1 0 , 0 1 0 . 0 1 1 . 2 1 2 . 9
6H 1 4 , 4 1 4 , 9 1 5 . 7 1 6 . 2 1 7 , 9 1 0 , 5 1 1 . 1 1 1 , 8 1 2 . 3 1 4 . 0
8H 1 5 . 4 1 6 , 1 1 6 , 9 1 7 . 3 1 9 , 1 1 1 . 1 1 1 , 6 1 2 . 4 1 2 , 9 1 4 . 6
12H 1 7 , 0 1 7 . 4 1 8 , 2 1 8 . 7 2 0 , 4 1 1 . 7 1 2 . 1 1 2 . 9 1 3 , 4 1 5 . 1
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F i g u r e  B 5 a  I n t e n s i t y  d i s t r i b u t i o n  o f  l u m i n a i r e  N o . 8  [ P P C 2 6 7 5 ]
90
150
180
£31 
100-»
Intensity per 1000 lamp lumens
210
270
□ 0 Degrees azimuth
♦  30 Degrees azimuth
O 60 Degrees azimuth 
^ 90 Degrees azimuth
Figure B5b Direct illuminance on a horizontal plane 2.4 m below luminaire No. 8 [PPC2675]
90
h Column 2 = 20 lux
♦  Column 3 = 15 lux
** Column 4 = 10 lux
270 *■ Columns = 5  lux
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Table B6: Photometric data relating to GKC luminaire No.9 as Thorn PPR
Twin.
ppR 2675 Descript ion Popular pacx tw in  metai reflector
Report Number 500 /IL /5308 /1
Light Output  Ratio Up 8% D own 75% Total 83%
R ecom m en d ed  Max S / H m  Ratio 1.63
, ca /1 000 Im x  lumens from 1 lamp x  no. of lamps 
Luminous intensity, in candeias = ---------------------------------- Vnnri--------- - -----------------------
Utilisation Factors at S /Hm 1 50
Effective Reflectances Room inaex
Work Plane Ceiling Wall Hs/Hm 0.6 0.8 1.0 1.25 1.5 2.0 2.5 3.0 4.0 5.0
20% 70% 50% 0 38 49 55 61 65 71 75 78 82 84
0.3 36 47 53 58 63 69 73 7ft 80 83
1.0 34 44 50 56 60 66 7ft 73 78 81
30% 0 32 43 49- 55 59 66 70 74 78 81
0.3 30 41 47 53 57 64 68 72 77 80
1.0 29 39 45 50 54 61 65 69 74 77
10% 0 27 38 44 50 55 62 67 70 75 79
0.3 26 36 42 48 53 59 64 68 73 77
1.0 2S 36 41 46 50 57 61 65 70 74
50% 50% o 36 47 52 58 61 67 70 73 76 79
0.3 35 45 51 56 60 66 69 72 76 78
1.0 34 44 49 54 58 64 68 71 7* 77
30% 0 31 41 47 53 57 63 67 70 74 76
0.3 29 40 46 51 55 61 65 69 73 75
1.0 29 39 44 50 53 59 63 67 71 74
10% 0 27 37 43 49 53 59 64 6 7 71 74
0.3 26 36 42 47 51 38 62 66 70 73
1.0 25 36 41 46 50 56 60 63 68 71
30% 30% 0 30 40 46 51 54 60 64 66 70 72
0.3 29 39 45 50 54 39 63 66 69 72
1.0 29 39 44 49 53 58 62 65 68 71
1 0% 0 26 37 42 47 51 57 61 64 68 71
0.3 25 36 41 46 50 56 60 63 67 70
1.0 25 35 41 46 49 55 59 62 66 69
0-100% 0% 0% 24 34 39 44 47 53 56 59 63 63
BZ Classi fication — 4 4 4 4 4 4 4 4 4
Flux Fraction Ratio .11
Luminaire Length (mm) 1200 1 500 1800 2400
Wattage 2 x 4 0 2 x 6 5 2 x  75 2 x  1 25
Conversion Factors (PC & UF) 1.00 1.01 1. 00 i .02
Luminous Area (so m) 0.280 0.349 0.410 0.549
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Figure B6a Intensity distribution of luminaire No.9 [PPR2675]
90
180 2 0 0  -23
Intensity per 1000 lamp lumens
210
270
□ 0 Degrees azimuth
♦ 30 Degrees azimuth
a 60 Degrees azimuth
90 Degrees azimuth
Figure B6b Direct illuminance on a horizontal plane 2.4 m below lum inaire No.9 [PPR2675]
90
120
150
•630 ►-&- o 30*
— - W  ♦ -------------------
180
210 330
240 300
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40 lux 
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10 lux 
5 lux
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iaoie £>/: rno tom etnc data relating to GKC luminaire N o.10 as Thorn PP
Single.
PP 675 Descr ipt ion  Single batten
Report  Number 500 /IL /5293/1
Light Output  Ratio Ud 27% Down 68% Total 95%
R e c o m m e n d e d  Max S /H m  Ratio 1.97
, . cd/1000 Im x lumens from 1 lamD x  no. of lamps
Luminous intenstty in candelas=-------------------------------TTwl-------------------------------
Utilisation Factors at S/Hm 1.50
Effective Reflectances Room Index
Work Plane Ceiiing Wall Hs/Hm 0.6 0.8 1.0 1.25 1.5 2.0 2.5 3.0 4.0 5.0
20% 70% 50% 0 34 43 50 56 oO 67 7 i 76 80 84
0.3 79 38 43 51 56 63 f  y 73 78 62
1.0 it 34 40 46 50 57 6 5 67 73 78
30% 0 it 35 4 i 4h 52 6n 65 7 0 75 79
0.3 22 31 5 7 43 46 55 61 60 72 76
1.0 20 27 33 3* 42 50 55 60 *7 71
10% 0 i 1 30 36 42 46 54 6 0 6 * 71 75
0.3 1 7 25 51 37 41 40 55 60 t7 72
1.0 16 23 it 33 37 44 4 V 54 61 66
50% 50% 0 30 39 44 5 0 54 60 64 67 71 74
0.3 id 36 4 i 47 51 57 62 65 7 0 73
1.0 2 5 33 38 44 43 54 59 62 67 71
30% 0 i 4 32 3 8 43 4 7 54 59 62 67 71
0.3 21 29 33 4 0 44 51 46 60 65 69
1.0 19 27 32 37 41 47 62 56 62 66
10% 0 19 27 33 3» 42 40 4 4 58 64 67
0.3 17 24 29 35 39 46 51 55 61 65
1.0 16 23 17 32 35 42 47 51 57 61
30% 30% 0 22 29 34 39 43 4* 53 56 60
0.3 20 28 53 37 41 47 51 55 59 62
1.0 19 27 31 36 39 45 49 53 58 61
10% 0 17 25 3o 35 33 44 4V 52 57 61
0.3 16 23 ? e 33 36 43 47 51 56 59
1.0 15 22 27 31 35 40 45 48 53 57
0-100% 0% 0% 14 20 ? 4 26 32 37 4c/ 4 3 47 50
BZ Classif ication — 7 7 “ 7 7 7 > 7 7 7
Flux Fraction Ratio . 4 0
Luminaire Lengtn (mm) 600 1200 1500 1800 2400
Wattage 20 40 65 75 125
Conversion Factors (PC 8- UF) 1.02 1.01 0.99 1.00 1.01
Luminous Area (sq m) 0.036 0.071 0.089 0.104 0.140
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Figure B7a Intensity distribution of luminaire No. 10 [PP675]
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90 Degrees azimuth
Figure B7b Direct illuminance on a horizontal plane 2.4 m below lum inaire No.10 [PP675]
90
120
150
180
210 330
□ Column 2 = 25 lux 
♦  Column 3  = 20 lux 
b Column 4  = 15 lux 
Column 5 = 1 0  lux
240 300
270
Column 6 =5 lux
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 u ix v .  iu i i i i i i d i r e  i n o . 11  a s  m o r n
FTRA/E/2685.
F T R A / E / 2 6 8 5  Descript ion \ev.-  rc'Tia:  2 3 3 t ! w i a e  troffer witn a i s nec
__________________________________________ cnsm an c  (TL12.. inmiess  controller_________
Report Number____________________ 500 iL / 5 4 4 9 / '______________________________
Light Output  Ratio_____________________c-; D o w r  - 7 :; ~otal 5 3 f/o____________
R ec om m end ed Max S/Hm Ratio
Luminous Intensity c d /1 00 0  Im A sp ec t  Factors
Angie Transverse 
(degrees) Piane ( T ) '
Axia l 
Plane (A)
A n g ie  Paranei 
(oegrees) Plane
P erpena icu ia r
Plane
0 220 220 0 0 , 0 0 0 . 0 0
5 218 21 K 5 0 ,0 9 0 , 0 0
10 220 214 10 0 . 1 7 0 , 0 2
15 216 210 15 0 . 2 6 0 . 0 3
20 208 204 20 0 . 3 3 0 . 0 6
25 195 194 25 0. 41 0 . 0 9
30 177 1*2 30 0 , 4 7 0 . 1 2
35 143 163 35 0 . 5 3 0 . 1 6
40 1 08 1 37 40 0 . 5 8 0 . 2 0
45 65 1 0« 45 0 , 6 2 0 . 2 3
50 71 81 50 0 , 6 4 0 . 2 6
55 60 65 55 0 , 6 6 0 . 2 8
60 49 51 _ 60 0 , 6 7 0 . 3 0
65 41 38 65 0 . 6 6 0 . 3 2
70 35 27 70 0 ,6 6 0 . 3 3
75 30 20 75 0 .6 9 0 . 3 4
80 27 1 3 80 0 ,6 9 0 , 3 4
85 24 9 85 0 . 6 9 0 . 3 5
90 22 3 90 0 , 6 9 0 . 3 5
95 21 5
100 17 3
105 14 5
110 11 3
115 11 3
120 11 5
125 12 3
130 12 3
135 12 3
140 11 3
145 4 4
150 4 4
155 4 4
160 4 4
165 3 3
170 3 3
175 3 3
180 3 3
c d /1 0 0 0  Im x iu m e n s  r r o m  1 ! = m c x n o .  or i amDS
. u m i n o u s  m i e n s i t v  in c a n a e i a s  = ------------------------------------------- -"o7 ^ ------------------------------------------10 0 0
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lam e do: rnotom etnc aata relating to u n l  luminaire ino.i i  as inorn
FTRA/E/2685.
Util isation Factors a: S/Hm 1.25
Effective Reflectances Room Index
Work Plane Osning .Vail Hs/Hm 0.6 0.8 1.0 1.25 1. c 2.0 2.5 .3.0 4.0 5.0
20% 70% 30% 0
0.3
1.0
10 34 37 4 u 43 46 48 50 52 33
30% 0
0.3
1.0
26 30 33 37 39 43 46 47 50 51
10% 0
0.3
1.0
24 28 31 34 37 41 43 45 48 50
50% 50% 0
0.3
1.0
29 32 35 38 60 43 45 47 48 30
30% 0
0.3
1.0
26 29 32 36 38 41 43 45 47 48
10% 0
0.3
1.0
23 27 30 33 36 3® 41 43 45 47
30% 30% 0
0.3
1.0
25 28 31 34 36 39 41 42 44 46
■ ' 10% 0
0.3
1.0
23 26 29 32 34 37 40 41 43 45
0-100% 0% 0% 22 25 27 30 32 35 37 38 40 41
BZ Class if icat ion 3 3 3 3 3 3 4 4 4 4
Flux Fraction Ratio . 1 2
Luminaire Le.ngtn :mmj 
Wattage
Convers ion Factors PC & UF)
Luminous Area isc mi
Glare Indices Conversion Terms
1200
2 x 4 0
1.05
0.37
- 1 .4
1800
2 x 8 5
1.00
0.55
Glare indices
Ceiling RF% 
Wall RF% 
Floor RF%
70
30
'4
70
30
14
50
50
14
50
30
14
30
30
14
70
50
14
70
30
14
50
50
14
50
30
14
30
30
14
Room Dimension 
X Y
Hewed Crosswise Vi ewe a Ena wise
2H 2H 
3H 
4H 
6H 
8H 
12H
6 . 2
8 . 7
1 0 , 0
1 1 . 5
1 2 . 4
1 3 , 3
a .O
1 0 . 3
1 1 . 5  
13 . 1  
1 3 , 8
1 4 . 6
6 . «
9 . 3
1 0 . 7
1 2 , 2
1 3 , 1
1 4 , 0
8 . 6
1 0 , 9
1 2 . 2
1 3 . 7
1 4 . 4
1 5 , 3
9 . 3
1 1 . 7
1 3 . 0  
1 4 . 4  
1 5 . 3
16 . 1
7 . 1
9 . 0
1.1,0
10. ®
1 1 . 4
1 1 . 9
8 . 8
1 0 . 7  
11 . 3  
1 2 . 4
1 2 . 8  
1 3 . 2
7 . 7
9 . 7  
1 0 . 7  
1 1 . 6  
1 2 . 1  
1 2 . 6
9 . 5
1 . 3
2 . 2
3 . 0
3 . 8
3. ®
1 0 . 2
1 2 . 1
1 3 . 0
1 3 , 8
1 4 . 3
1 4 . 7
4H 2H 
3H 
4H 
6H 
8H 
12H
7 . 0
9 . 7
1 1 . 3
1 3 . 2
1 4 . 2
1 5 . 3
8 . 5
11 . 1
1 2 . 6
1 4 . 3
1 5 . 2
1 6 . 3
7 . 7
1 0 , 4
1 2 , 1
1 3 , 9
1 5 . 0
1 6 . 1
9 . 2
1 1 . 8
1 3 . 1
1 5 . 1  
1 6 . 0  
1 7 . 0
1 0 , 0
1 2 . 6
1 4 . 1
1 5 . 9
1 6 . 9  
1 8 . 0
7 . 7
1 0 . 0
1 1 . 2
1 2 . 4
1 3 . 0
1 3 . 7
9 . 2
1 1 . 3
1 2 . 4
1 3 . 5  
1 4 . 0
1 4 . 6
8 . 4
1 0 . 7  
11 . 9  
1 J . 1
1 3 . 8  
1 4 . 4
9 . 9
2 . 0
3 . 1
4 . 2  
4 . 8  
5 . 4
1 0 . 7
1 2 . 8
1 4 . 0
1 5 . 1  
1 5 , 7  
1 6 . 3
8H 4H 
6H 
8H 
12H
1 2 . 1
1 4 , 3
1 5 , 6
16, ®
1 3 . 1
1 5 . ?
1 6 . 6
1 7 . 6
1 2 , 9
1 5 , 1
1 6 . 3
1 7 . 7
1 3 , 9  
1 6 , 0  
1 7 . V 
1 8 . 4
1 4 . 8
1 6 . 9  
1 8 . 1  
1 9 . 4
1 2 . 0
1 1 . 5
1 4 , 3
1 5 . 2
1 3 . 0  
1 4 . 4
1 5 . 1  
15. ®
1 2 . 7
1 4 . 3
1 5 . 1
1 6 . 0
1 . 7  
3 . 2  
3 . 9
6 . 7
1 4 . 6
1 6 , 1
1 6 . 8
1 7 . 7
12H 4H 
6H 
8H 
12H
1 2 . 3
1 4 , 6
1 6 , 0
1 7 , 5
1 3 . 3
1 3 . 4  
1 6 . 7  
18, 1
13 , 1
1 5 . 4
1 6 . 8
1 8 , 3
1 4 , 0
1 6 , 2
1 7 . 3
1 8 . 9
1 4 . 9  
1 7 , 2  
1 8 . 5
1 9 . 9
1 2 . 3
1 4 . 0
1 4 . 0
1 3 . 9
1 3 . 2  
1 4 . 8  
1 5 . 6
1 6 . 3
1 3 . 0
1 4 , 8
1 5 . 7
1 6 . 7
4 . 0
3 . 3
6 . 4
7 . 3
1 4 , 9
1 6 , 5
1 7 , 4
1 3 . 3
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Table B9: Photometric data relating to GKC luminaire N o.12 as Thorn SMP.l.
S M P .1  : 1685 Descr ipt ion Format s ing le  10 0 m m  w ia e  S -M  f i t t ing  w i th
__________________________________ prismatic  con tro l le r
Report  Number 50 G /IL /5 3 8 5 /1
Light Output Ratio Up 16% D o w n  39% Total 55%
R ecom m end ed Max S /H m  Ratio 1.57
Luminous intens ity cd /1 000  Im A s p e c t  Factors
Angle
(degrees)
Transverse 
Plane (T)
Axiai 
Plane (A)
Angle
(degrees)
Parallel
Plane
Perpendicular
Plane
0 1 3 ? 1 3 2 0 0 . 0 0 0  . 0 0
5 1 3 3 1 2 V 5 0 , 0 « U ,  i) 0
10 1  3 * 1 2 7 1 0 0 . 1 7 0 , 0 ?
15 1 4 3 1 2 4 15 0 . 2 5 0 , 0 3
20 1 4 5 1 1 9 20 0 . 3 3 0 . 0 4
25 1 * 3 1 1 3 25 0 , 4 9 0 , 0 9
30 1  3 ? 1 0 5 30 0 . 4 7 0 , 1 2
35 1 1 5 9 3 35 0 . 5 2 0 , 1 6
40 1  u u 7 6 40 0 . 5 7 0 , 1 0
45 9 5 5  7 45 0 , 6 0 0 , 2 2
50 9  0 4 3 50 0 . 6 2 0 . 2 5
55 M 1 3 2 55 0 . 6 6 ft • 2 7
60 7 3 2 + 60 0 . 6 5 0 . 2 3
65 6 3 1  7 65 0 . 6 O 0 , 2 9
7 0 5 5 1 1 70 0 . 6 6 0 . 3 0
7 5 5  0 o 75 0 , 6 6 0 . 3 1
80 4. 1 3 80 0 . 6 6 0 , 3 1
85 4 4 1 85 0 , 6 6 o , 3 1
90 6 1 (; 90 0 , 6 6 0 . 3 1
7*1 <;
100
105
1 1 0
115
120
125
130
135
140
145
150
155
160
165
170
175
180
74
75 
74
7 ’» 
63 
54 
46
37
29
0
0
l»
r.
)
0
n
0
Lum inous  in tensity  in candelas =
c d / 1 0 0 0  i m x i u m e n s  f r o m  1 l a m o x n o .  o f  l amDS
Tooo
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Table B9: Photometric data relating to GKC luminaire N o.12 as Thorn SMP.l.
Utilisation Factors at S/Hm 1.50
Effective Reflectances Room iraex
Work Plane Ceiling Wall Hs/Hm 0.6 C.3 1.0 1.25 1.5 2.0 2.5 3.0 4.0 5.0
20% 70% 50% 0 24 30 *4 37 39 43 45 47 49 51
0.3 21 20 31 34 37 41 43 45 48 50
1.0 19 25 28 31 34 37 4ft 42 45 47
30% 0 20 27 30 33 36 40 4? 44 47 49
0.3 18 24 27 30 33 37 *0 42 45 47
1.0 16 22 75 27 30 33 36 38 42 44
10% 0 17 24 27 30 33 37 4ft 42 45 47
0.3 15 21 24 27 30 34 37 39 43 45
1.0 14 20 22 25 27 30 33 35 39 41
50% 50% 0 22 23 31 34 56 39 40 42 44 45
0.3 . 20 26 79 32 34 37 39 41 43 44
1.0 19 25 27 30 32 35 37 39 42 43
30% 0 19 25 28 31 35 36 38 40 42 44
0.3 17 23 76 29 31 34 37 38 41 42
1.0 16 22 2.4 27 29 32 34 36 39 41
10% 0 16 22 25 2* 30 34 36 38 40 42
0.3 15 20 23 26 28 3? 34 36 39 41
1.0 14 19 22 24 26 29 32 34 36 38
30% 30% 0 17 23 26 28 30 33 35 36 38 39
0.3 17 22 25 27 29 32 34 35 37 39
1.0 16 21 24 26 28 31 33 34 36 38
10% 0 15 21 24 26 28 31 33 34 37 38
0.3 14 20 22 25 27 30 32 33 34 37
1.0 14 19 22 24 26 28 30 32 34 36
0-100% 0% 0% 13 13 20 25 24 26 28 29 31 12
BZ Class if icat ion - 4 4 4 4 5 5 5 5 5
Flux Fraction Ratio *43
Luminaire Length (mm) 1200 1800
Wattage 40 85
Conversion Factors (PC & UF) 1.04 1.00
Luminous Area (sq m) 0.130 0.185
Glare Indices Conversion Terms - 1 .2 —
Glare indices
Ceiling RF% 70 70 50 50 30 70 70 50 50 30
Wall RF% 50 30 50 30 30 50 30 50 30 30
Floor RF% 14 14 14 14 14 14 14 14 14 14
Room Dimension Viewed Crosswise Viewed Endwise
X Y
2H 2H ’ 0 .0 1 1 . 5 1 0 , 9 1 2 . 4 1 3 . 6 6 . 5 8 , 0 7 . 4 8 . V * • • *
3H 1 3 . 9 1 3 , 5 1 4 . 9 1 6 , 1 8 . 1 9 . 4 9 . 0 1 0 , 4 "1*0
4H 1 3 . V 1 5 . 2 1 4 , 6 1 6 . 2 1 7 , 4 8 . 7 1 0 , 0 9 . 7 1 1 , 0 " c * C
6H 1 5 , 5 1 6 . 7 1 ft , % 1 7 . 7 1 8 , 9 9 . 2 1 0 , 5 1 0 . 2 1 1 . 4 4 • *
8H 1 6 . 4 1 7 , 6 1 7 . 4 1 8 . 6 1 9 , 8 9 . 4 1 0 , 6 1 6 . 4 1 1 , 6 " € « ▼
12H 1 7 . 5 1 8 , o 1 O , 4 1 9 . 6 2 0 , 9 9 . 5 1 0 , 7 1 0 , 5 1 1 . 7 C. * T
4H 2H 1 0 . 5 1 1 , 3 1 1 . 5 1 2 , 8 14 ,  n 7 . 8 9 . 1 4 . 8 1 0 , 1 " » * J
3H 1 3 . 4 1 4 , 6 1 4 , 4 1 5 , 6 1 6 , 8 9 . 7 1 0 , 8 1 0 . 7 1 1 , 8 "3*1
4H 1 5 . 0 1 6 , 1 1 6 , 0 1 7 . 1 1 8 , 4 1 0 , 6 1 1 , 6 1 1 . 5 1 2 . 6 * 3 * '
6H 1f t , 9 1 7 . 9 1 7 , 9 1 8 . 9 2 0 , 2 1 1 . 4 1 2 . 3 1 2 . 4 1 3 , 4 « •  t ■
8H 1 * . 1 1C , o 1 9 , 1 2 0 , 0 2 1 , 3 1 1 . 7 1 2 . 6 12. f i 1 3 . 7 " 3 * V
12H 1 9 . 4 2U. 2 2 0 , 4 21 . 2 2 2 , 6 1 2 , 0 1 2 . 8 1 3 . 0 1 3 . 9 " 3 * C
5H 4H 1 5 . 5 1 6 , 4 1 6 , 5 1 7 . 4 1 8 , 8 1 2 , 0 1 2 , 9 1.3.0 1 3 , 9 "3*3
6H 1 7 . 8 1 8 , 6 1 b , 6 1 9 . 6 21 . 0 1 3 , 2 1 4 , 0 1 4 . 3 1 3 , 1
3H 1 9 . 2 1 9 , 9 2 0 , 2 2 0 , 9 2 2 . 3 1 3 . 8 1 4 , 5 1 4 . 9 I S , 6
12H 2 0 , 6 2 1 . 4 21 . 0 2 2 . 5 2 3 . 9 1 4 . 3 1 4 . 9 1 5 . 4 1 6 . 0
4 ? I 4H 1 5 . 6 1 6 , 4 1 6 , 6 1 7 . 5 1 8 , 8 1 2 . 6 1 3 . 4 1 3 . 6 1 4 . 5 " 3 * ▼
6H 1 8 . 0 1 8 , 7 1 9 , 0 1 9 , 8 2 1 , 1 1 4 , 1 1 4 , 8 1 3 . 1 1 3 . 9 " r * C
8H i y . 5 2 0 , 1 2 0 . 6 21 . 2 2 2 . 6 1 4 , 8 1 3 . 4 1 5 . 9 1 6 . 5 1 f * ▼
12H 2 1 . 3 21 , 8 2 2 . 3 2 2 . 9 2 4 . 3 1 3 . 5 1 6 , 0 1 6 . 3 1 7 . 1
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Table BIO : Photometric data relating to GKC luminaire No.13 as Thorn PPD
Single.
Descript ion PoDuiar Das.< narrow single Diastic diffuser
Report Number 5 00 /IL /5297  '
Light Output  Ratio Up 25% Down 53% Total 78%
R eco m m end ed Max S/H m Ratio 1.99
Luminous Intensity cd/1000 Im A sp ec t  Factors
A ng ie
(degrees)
Transverse 
Piane (T)
Axia l 
Plane (A)
A ng ie  Parallel 
(degrees') Plane
P erpena icu ia r
Plane
0 1 0* 1yV 0 0 , 0 0 0 ,  (- 0
5 1 06 106 5 0 , 0 9 0 , 0 0
10 113 106 10 0 , 1 7 0 , 0 2
15 116 102 15 0 , 2 5 0 , 0 3
20 119 97 20 0 . 3 3 0 , 0 6
25 1 21 92 25 0 , 4 0 0,CV
30 123 bb 30 0 , 4 6 0 , 1 2
35 126 77 35 0 , 5 2 0 , 1 5
40 125 69 40 0 , 5 7 0 , 1 9
45 1 26 6 0 45 0 , 6 0 0 . 2 3
50 126 51 50 0 , 6 3 0 , 2 6
55 1 27 41 55 0 , 6 6 0 , 2 9
60 127 31 60 0 , 6 7 0 , 3 1
65 1 26 21 65 0 , 6 6 0 , 3 3
70 12* 11 70 0 , 6 9 0 , 3 4
75 1 21 2 75 0 , 6 9 0 , 3 5
80 118 0 80 0 , 6 9 0 , 3 5
85 113 U 85 0,6V 0 . 3 5
90 1 Oe 0 90 0 , 6 9 0 . 3 5
95 104 0
100 102 C
105 99 0
110 V i 0
115 v 5 l>
120 87 0
125 82 U
130 / 4  y
135 6 7 u
140 6 0  y
145 0 0
150 u 0
155 <) U
160 o o
165 o l»
170 0 0
175 o o
180 o y
c d / l  000 Im x l u m e n s  from 1 ia m o x n o .  or ;amDS -um inous intensity in c a n a e t a s  =    -------------------------------------
Table BIO : Photometric data relating to GKC luminaire N o.13 as Thorn PPD
Single.
Utilisation Factors at S/Hm 1.50
Effective Reflectances Room index
Work Plane Cemng Wall -s /H m  0.6 0.8 1.0 1.25i 1.5 2.0 2.c 3.0 4.0 5.0
20% 70% 50% 0 CO 35 41 46 49 55 59 ft i  66 66
0.3 2 4 31 36 41 45 51 56 5V 63 66
1.0 21 27 32 37 40 46 51 54 59 63
30% ,~\ 22 29 34 39 43 4C 53 57 61 64
0.3 18 25 35 39 45 5 U 53 59 62
1.0 16 22 26 30 34 40 44 48 54 57
10% 0 17 25 29 34 38 44 49 53 58 61
0.3 1» 20 ?5 3»‘ 34 40 45 49 54 58
1.0 13 1H 22 26 29 35 3V 43 49 53
50% 50% 0 25 32 36 40 43 48 52 54 57 60
0.3 22 2C 34 38 41 46 50 53 56 59
1.0 20 27 31 35 38 45 47 50 54 57
30% 0 19 2o 31 35 38 44 47 50 54 57
0.3 17 23 28 32 36 41 45 48 52 55
1.0 16 22 25 29 52 38 42 45 49 52
10% 0 16 22 27 31 34 48 44 47 ' 51 54
0.3 13 2C 24 28 31 37 41 44 . 49 52
1.0 12 18 22 25 28 33 37 40 45 • 49
30% 30% 0 17 24 26 31 34 39 42 44 .48 50
0.3 16 22 26 30 33 38 41 43 47 49
1.0 15 21 25 28 31 36 39 42 46 48
10% 0 14 20 24 26 31 36 39 42 46 . 48
0.3 13 19 22 26 29 34 37 40 44 47
1.0 12 18 21 25 27 3? 35 36 42 45
0-100% 0% 0% 11 16 19 22 25 24 31 34 37 39
BZ Classif ication * — 7 6 6 7 7 7 6 6 7
Flux Fraction Ratio ,4ft
Luminaire Length (mm) 600 1200 1500 1800 2400
Wattage 20 40 65 75 125
Conversion Factors (PC & UF) 1.02 1.04 1.01 1.00 1.04
Luminous Area isq m) 0.049 0.095 0.117 0.137 0.185
Glare Indices Conversion Terms - 3 .9 - 1 .4 - 0 .7 — - 1 .0
Glare indices
Ceiling RF% 70 70 50 50 30 70 70 50 50 30
Wall RF% 50 30 50 30 30 50 30 50 30 30
Floor RF% 14 14 14 14 14 14 14 14 14 1 4
Room Dimension Vi ewe a Crosswise Viewed Endwise
X Y
2H 2H 11 .© 1 3 . 2 1 2 . 3 1 * . 1 1 5 . 3 8 . 1 9 . 7 8 . 9 1 0 , 6 1 1 . 8
3H 1 5 . 1 1 6 , 6 1 6 , U 1 7 , 6 1 8 , 8 9 . 9 1 1 , 4 1 0 . 8 1 2 . 4 1 3 . 6
4H 16^.6 1 8 , 3 1 7 , 6 1 9 . 3 2 0 , 5 10-, 5 1 1 . 9 1 1 . 4 1 2 . 9 1 4 . 2
6H 1 a .  7 20 , 1 1 9 , o 21 . 1 2 2 . 3 1 0 , 9 W . 3 1 1 , 8 1 3 . 2 1 4 . 5
8H 1 v t © * 1 , 9 2 0 ,  o ? 2 , o 2 3 . 2 1 1 , 0 1 2 , 3 1 1 . 9 1 3 , 3 1 4 . 6
12H 20* 6 2 1 , 9 21 ,© 2 2 , 9 2 4 , 2 1 1 . 1 1 2 . 4 1 2 , 0 1 3 , 4 1 4 . 7
4H 2H 12.J> 1 3 , V 13, % 1 4 , 9 1 6 , 2 1 , 1 11 . 0 11. 1 1 2 , 6 1 3 . 8
3H 1 6 . 4 1 7 . 7 1 7 , 4 1 8 . 7 2 0 , 0 1 2 . 5 1 3 , 8 1 3 . 4 1 4 , 8 1 6 . 1
4H 18 .  4 1 9 , 6 1 9 . 4 2 0 , 6 21 . 9 1 1 . 4 1 4 , 6 1 4 , 4 1 5 . 7 1 6 . 9
oH 2 0 , 5 2 1 . 3 7 2 4 . 0 1 4 , 2 1 5 . 3 1 5 , 2 1 6 , 3 1 7 . 6
8H ?1 , 6 7 2 . 6 2 2 , 6 73 . 7 2 5 , 0 1 4 . 5 1 5 . 5 1 5 , 5 1 6 , 6 1 7 . 9
12H 2 2 . 7 2 3 , 7 2 3 , 7 2 4 , 6 2 6 , 1 1 4 , 7 1 5 , 7 1 5 , 7 1 6 , 8 1 * . 1
8H 4H 1 9 . 1 20 , 1 2 0 , 1 2 1 . 2 2 2 , 5 1 5 . 5 1 6 , 5 1 6 , 5 1 7 , 6 1 8 . 9
6H * 1 , 5 2 2 . 6 2 2 , 6 7 3 , 5 2 4 , 9 1 6 , 7 1 7 , 6 1 7 , 7 1 8 , 7 7 0 . 0
8H 2 2 , y 2 3 , 7 ?3 , V 2 4 , 6 2 6 , 2 1 7 , 2 1 8 . 1 1 6 . 3 1 9 , 2 7 0 , 5
12H 2 4 , 3 23, 1 2 5 , 4 29 . 1 2 7 . 5 1 7 , 6 1 8 , 5 1 4 , 8 1 9 , 6 ?1 . 0
12H 4H 1 9 , 2 2 0 , 2 2 0 , 2 7 1 , 2 2 2 , 6 1 6 , 2 1 7 , 2 1 7 , 2 1 8 , 2 1 9 . 6
oH z i ,e 2 2 , 6 2 2 , 0 7 3 . 7 2 5 , 1 1 7 , 7 1 8 , 5 1 8 , 7 1 9 , 6 21 . 0
8H 2 3 , 2 2 4 , 0 2 * . 3 23 . 1 2 6 , 5 1 6 , 4 1®. 2 1 9 , 5 2 0 , 3 71 . 7
12H 2.4,6 2 3 , 5 2 5 ,  V 2 6 , 6 2 8 , 0 1 9 , 1 1 9 , 8 2 0 , 2 2 0 , 9 7 2 . 3
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Figure BlOa Intensity distribution of luminaire No.13 [PPD675]
90
180 -1— 100 - 8 0 - 6 0 - 4 0 - 2 C f ^  - 2 0 - 4 0 - 6 0 - 8 0 S  100 
Intensity per lOOO'lamplumens
270
□ 0 Degrees azimuth
•  30 Degrees azimuth
B 60 Degrees azimuth 
^ 90 Degrees azimuth
Figure BlOb Direct illuminance on a horizontal plane 2.4 m below lum inaire No. 13 [PPD675]
90
□ Column 2 =15 lux 
♦  Column 3 = 10 lux 
»  Column 4 =5 lux
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FTRA/P/1685.
F T R A / P / 1 6 8 5  Descript ion New F orm at 3 0 0m m  w ia e  t ro f fe r  w i th  TL1 2
 f ia t  p r ism at ic  canei_________________
Report Number  50C. I L / 5 4 3 9 / 1
Light Output  Ratio__________________ u p  0% D o w n  55% Tota l________559/q______
R ec o m m e n d e d  Max S/ H m  Ratio ' 59
Luminous intens ity cd/1 000 Im Aspe ct  Factors
Angle
(degrees)
i ransverse 
Piane (P)
Axial 
Plane (A)
Angie
(degrees)
Parallel
Plane
Perpendicular
Plane
0 244 244 0 0 , 0 0 0 . 0 0  .
5 244 742 5 0 , 0 9 0.n( i
10 244 7 38 10 0 . 1 7 0 , 0 1
15 244 232 15 0 , 2 6 0 . 0 3
20 242 228 20 0 . 3 3 0 . 0 6
25 238 216 25 0 . 4 1 O . 0 9
30 228 204 30 0 , 4 8 0 . 1 2
35 204 187 35 0 , 5 3 0 . 1 6
40 160 166 40 0 , 5 9 0 . 7 0
45 120 139 45 0 . 6 3 0 . 2 4
50 92 113 50 0 . 6 6 0 . 2 7
55 69 86 55 0 , 4 8 0 . 3 0
60 90 59 60 0 , 6 9 0 . 3 2
65 34 39 65 0 ,  7u 0 . 3 4
70 23 26 70 0 , 7 0 0 . 3 3
75 16 18 75 0 ,7 1 0 . 3 6
80 10 12 80 0 ,7 1 0 . 3 4
85 5 7 85 0 , 7 1 0 . 3 6
90 0
A
0
A
90 0 ,7 1 0 . 3 7
100
105
1 1 0
115
120
125
130
135
140
145
150
155
160
165
170
175
180
c d /1 0 0 0  Im x iu m e n s  from 1 la m o x n o .  of lamos 
Lum inous in tensity in c a n a e ia s = ------------------------------------- TOOO-------------------------------------
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l a u i c  d i i : r n o t o m e t r i c  d a t a  r e l a t i n g  t o  G K C  l u m i n a i r e  N o . 1 4  a s  T h o r n
F T R A / P / 1 6 8 5 .
Util isation Factors at S/Kn 1.50
Effective Reflectances Room maex
Work Plane Ceiling Wall -s .’Hm C.5 0.8 1.0 1.25 ' 5 2.0 2.3 3.0 *1.0 5.0
20% 70% 50%
0.3
1.0
31 4C 43 k 6 <*V 52 54 55 57 3*
30% 0
0.3
1.0
27 37 4 0 43 46 49 51 53 55 57
10% 0
0.3
1.0
25 34 33 41 43 47 49 51 54 55
50% 50% 0
0.3
1.0
30 39 42 45 47 50 52 53 34 56
30% 0
0.3
1.0
27 34 39 42 45 43 50 51 53 54
10% 0
0.3
1.0
25 34 37 40 42 46 43 30 52 53
30% 30% 0
0.3
1.0
27 38 39 42 44 46 43 50 51 52
10% 0 24 34 37 40 42 45 47 43 50 5?
0.3
1.0
0-100% 0% 0% 23 32 35 38 40 43 45 46 48 49
BZ Classi ficat ion — 2 2 2 2 2 2 2
Flux Fraction Ratio .00
Luminaire Length (mm) 1200 1800
Wattage 40 85
Convers ion Factors (PC & UF) 1.02 1.00
Luminous Area (sq m) 0.28 0.43
Glare Indices Conversion Terms - 1 .5 —
Glare indices
Ceiling RF% 70 70 50 50 30 70 70 50 50 30
Wall RF% 50 30 50 30 30 50 30 50 30 30
Floor RF% 14 14 14 14 14 14 14 14 14 14
Room Dimension Viewea Crosswise Viewea Endwise
X Y
2H 2H * . 2 1 0 , 2 5 . 7 1 0 , 6 1 1 , 0 9 . 2 1 . 2 9 . 7  1 1 . 6 1 2 , 0
3H 9 . 0 1 1 . 7 1 0 , 4 1 2 , 2 1 2 . 6 1 0 , 9 2 . 7 1 1 , 4  1 3 . 1 1 3 , 6
4H 1C , 3 1 2 . 5 1 1 . 3 1 3 , 0 1 3 , 4 1 1 . 7 3 . 4 <2 . 2  1 3 , 9 1 6 , 3
6H 1 1 . 6 1 3 . 4 1 2 . 1 1 3 . 7 1 4 . 2 1 2 . 6 4.  3 13 . 1  U . 6 1 5 . 1
8H 1 2 . 0 1 3 . 5 1 2 . 3 1 4 , 0 1 4 . 5 1 3 . 0 4 . 5 1 3 . 5  1 4 , 9 1 5 , 5
12H U . 3 1 3 . 6 1 2 . 3 1 4 . 3 1 4 , 8 1 3 , 4 4 , 8 1 3 . 9  1 5 . 3 1 5 , 8
4H 2H h , 9 1 0 . e ° , 4 1 1 . 0 1 1 . 5 9 . 7 1 . 4 1 0 . 2  1 1 . 9 1 2 , 4
3H 1 0 , 9 1 2 . 3 1 1 , 4 1 2 . 8 1 3 . 4 11. f i 3 . ? 1 2 , 3  1 3 , 7 1 6 . 2
4H 12 . 1 1 3 . 4 1 2 . 6 1 3 . 9 1 4 . 5 1 2 . 9 4 , 2 < 3 . 4  U . 7 < 5 . 3
6H 1 3 . 3 1 4 . 5 1 3 ,  S 1 5 . 0 1 5 , 6 1 4 . 1 5 . 3 1 4 , 7  1 5 , 8 1 6 , 4
8H 1 3 . 8 1 4 . 9 1 4 . 4 1 5 . 4 1 6 , 0 1 4 . 7 5 . 8 1 5 . 3  1 6 . 4 1 6 , 9
12H 1 4 . 2 1 3 . 3 1 4 . 3 1 5 . 8 1 6 , 4 1 5 . 3 6 . 3 1 5 , 8  1 6 . 8 1 7 , 4
8H 4H 1 3 . n 14 . 1 1 1 . 6 1 4 . 6 1 5 , 2 1 3 . 7 4 . 8 1 4 , 2  1 5 , 3 1 5 . 9
6H 1 4 , 6 1 5 . 5 1 5 . 2 1 6 . 1 1 6 , 7 1 5 . 3 6 . 7 <5 , 9  1 6 , 8 1 7 , 4
8H 1 5 . 3 1 6 . 2 1 5 . 9 1 6 , 7 1 7 . 4 1 6 , 1 7 , n 1 6 , 7  1 7 . 5 1 8 , 2
12H 1 5 . 9 1 6 . 7 4 e>,  6 1 7 . 3 1 7 . 0 1 6 , 0 7 . a < 7 , 5  1 8 , 2 1 8 , 9
12H 4H 1 3 . 3 1 4 . 3 1 1 . 0 1 4 . 9 1 5 , 5 1 3 , 9 4 . 9 ’ 4 , 5  1 5 . 4 1 6 , 1
6H 15, 1 <5 , 9 1 5 , 6 1 6 . 5 1 7 . 1 1 5 . 7 6 . 8 * 6 . 3  1 7 . 1 1 7 , 7
8H 1 5 . 9 1 6 . 6 1 6 , 5 1 7 . 2 1 7 . 0 1 6 , 6 7 . 3 1 7 , 2  1 7 . 9 1 8 , 6
12H 1 6 , 6 1 7 . 2 1 7 . 2 1 7 , 8 1 8 . 6 1 7 . 5 » . 1 1 8 , 1  18 . f i 1 7 , 5
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xaDie d i z : rnotom etric data relating to GKC luminaire No. 15 as Thorn PPE
Twin.
PPE 2575 Descr ipt ion Doouiar Dack tw in  oDei-siaea Drismaticcontroller
Report  Number 500/IL /5307/1
Light Output  Ratio u d  38% Down 35% Total 73%
R eco m m end ed Max S/ H m  Ratio 1.60
Luminous Intensi ty c d /1 000  Im Aspect Factors
Angle Transverse 
(degrees) Plane (T)
Axial 
Plane (A)
Angie Parallel 
(degrees) Plane
Perpendicular
Plane
0 146 146
5 1*7 145
10 146 142
15 147 139
20 144 132
25 142 125
30 136 115
35 125 103
40 107 66
45 91 66
50 72 50
55 56 35
60 44 26
65 35 20
70 26 14
75 24 10
80 21 5
85 19 1
90 16 0
95 22 3
100 27 10
105 33 19
110 36 30
115 45 41
120 54 52
125 63 63
130 72 7ft
135 82 65
140 93 9ft
145 103 103
150 111 111
155 117 117
160 123 123
165 127 127
170 130 130
175 131 131
180 131 131
0
5
10
15
20
25
30
35
40
45
50
55
60
65
70
75
80
85
90
0 , 0 0
0 ,09
0 , 1 7
0 . 2 5
0 , 3 3
0 , 4 0
0 , 4 7
0 .S 2
0 , 5 7
0 , 6 0
0 , 6 2
0 , 6 4
0 , 6 5
0 , 6 5
0 , 6 6
0 , 6 6
0 , 6 6
0 , 6 6
0 , 6 6
0 , 0 0
0 , 0 0
0 , 0 2
0 , 0 3
0 , 0 6
0 , 0 9
0 , 1 2
0 , 1 6
0 , 1 9
0 , 2 2
0 , 2 5
0 , 2 7
0 , 2 6
0 , 2 9
0 , 3 0
0 , 3 1
0 , 3 1
0 , 3 2
0 . 3 2
Luminous in te n s i ty  in canaelas =
c d /1 0 0 0  Irr. x  l u m e n s  f ro m  1 la m o x n o .  o f  lamDS 
1000
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Table B12: Photometric data relating to GKC luminaire N o.15 as Thorn PPE
Twin.
Utilisation Factors at S/Hm 1.50
Effective Reflectances Room Index
Work Plane Ceiling Wall rls/Hm 0.6 0.8 ' .0 '.25 1.5 2.0 2.5 3.0 4.0 5.0
20% 70% 50% 0 30 3» uS 47 50 54 57 60 62 64
0.3 25 33 37 42 45 50 54 56 60 62
1.0 21 2H 32 36 39 44 47 50 54 57
30% 0 25 34 38 42 46 51 54 56 60 62
0.3 20 2b 32 36 40 45 4V 52 56 59
1.0 17 24 27 31 33 38 42 45 50 53
10% 0 22 30 35 39 42 47 51 54 57 60
0.3 17 24 2d 33 36 41 45 4 6 53 56
1.0 15 21 24 27 30 34 36 41 43 49
50% 50% 0 26 33 37 40 43 46 49 50 52 54
0.3 23 30 34 37 40 44 46 46 31 53
1.0 21 27 30 34 36 40 43 45 48 50
30% 0 22 30 33 37 40 43 46 48 51 52
0.3 19 26 2V 33 36 40 43 45 48 50
1.0 17 23 - 26 29 32 35 38 41 44 46
10% 0 20 27 31 34 37 41 44 46 49 51
0.3 16 23 26 30 32 37 4 0 42 46 48
1.0 15 21 23 26 28 32 35 37 41 43
30% 30% 0 20 26 29 32 34 37 39 40 42 44
0.3 18 24 27 30 32 35 38 39 41 43
1.0 17 23 25 28 30 33 35 37 39 41
. . . 10% 0 18 24 27 30 32 35 37 3V 41 43
0.3 16 22 25 27 29 33 35 37 39 41
1.0 15 20 23 25 27 30 32 34 36 38
0-100% 0% 0% 14 19 21 23 23 27 ? 8 29 30 31
BZ Classif ication — 3 3 3 3 3 3 3 4 4
Flux Fraction Ratio * 1 , 0 7
Luminaire Length (mm) 1200 1500 1800 2400
Wattage 2 x 4 0 2 x 6 5 2 x 7 5 2 x 1 2 5
Conversion Factors (PC & UF) 1.05 1.00 1.00 1.00
Luminous Area (sq m) 0.244 0.302 0.355 0.474
Glare indices Convers ion Terms - 1 . 4 - 0 . 7 — - 1 . 0
Glare indices
Ceilina RF% 70 70 50 50 30 70 70 50 50 30
Wall RF% 50 30 50 30 30 50 30 50 30 30
Floor RF% 14 14 14 14 14 14 14 14 14 14
Room Dimension Viewea Crosswise Viewed Endwise
X Y
2H 2H 4 . 4 5 . 5 5 . 6 6 . 7 8 . 3 3 , 5 4 . 7 4 . 7 5 . 8 7 . 5
3H 6 , 2 7 , 2 7 . 4 8 . 4 1 0 , 1 5 . 1 6 , 1 6 . 4 7 . 4 9 . 0
4H 7 . 1 8 , 0 6 , 4 9 . 3 1 1 , 0 5 . 8 6 , 8 7 . 1 8 , 0 9 . 7
6H 8 . 2 v . i ’ . 4 1 0 . 3 11 . 9 6 . 4 7 . 3 7 . 7 8 , 5 1 0 . 2
8H 6 . 7 9 . 6 1 0 , 0 1 0 . 8 1 2 . 5 6 , 6 7 . 3 7 . 9 8 . 7 1 0 , 4
12H 9 . 4 1 0 , 2 1 0 , 6 1 1 . 4 1 3 . 1 6 . 7 7 . 6 8 , 0 8 , 8 1 0 . 5
4H 2H 5 . 9 5 . 9 6 . 2 7 . 2 8 , 8 4 , 3 5 . 3 5 . 6 6 . 5 8 . 2
3H 7. 1 7 , 9 8 . 4 9 . 2 1 0 , 9 6 . 2 7 . 0 7 . 4 8 . 3 1 0 , 0
4H » . 3 9 , 9 9 . 5 1 0 . 2 11 . 9 7 . 1 7 , 8 8 . 3 9 . 1 1 n , 8
6H 9 , 5 1 0 , 2 1 0 , 8 1 1 . 5 1 3 . 2 7 . 9 8 . 5 9 , 1 9 . 8 1 1 . 5
8H 1 9 , 5 1 0 , 9 1 1 . 3 1 2 . 1 1 3 . 9 8 , 2 8 , 8 9 . 5 1 0 , 1 1 1 . 8
12H 1 1 . 9 1 1 , 6 1 2 , 3 1 2 , 9 1 4 , 7 8 , 4 8 . 9 9 . 7 1 0 , 2 1 2 . 0
8H 4H 8 . 7 9 . 3 1 0 , 0 1 0 , 6 1 2 . 4 7 . 7 8 . 3 9 . 0 9 . 6 1 1 . 4
6H 1 9 , 3 1 0 , 8 1 1 . 6 1 2 . 1 1 3 . 9 8 , 8 9 . 3 1 0 , 1 1 0 , 6 1 7 . 4
8H 1 1 . * 1 1 . 7 1 2 , 5 1 3 , 0 1 4 . 8 9 . 3 9 . 8 1 0 , 6 n . o 1 7 . 8
12H 1 2 . 3 1 2 . 7 1 3 . 6 1 4 , 0 1 5 , 8 9 . 7 1 0 , 1 11 , 0 1 1 . 4 1 3 . 2
12H 4H 6 , 6 9 . 4 1 0 , 1 1 9 , 6 1 2 . 4 8 , 0 3 . 5 9 , 2 9 . 8 1 1 . 6
6H 1 9 . 5 1 1 , 0 11 . ® 1 2 . 3 1 4 , 0 9 , 2 9 , ft 1 0 , 5 1 0 , 9 1 2 . 7
8H 1 1 . 3 1 2 , 0 1 2 , 9 U . 2 1 5 , 0 9 , 8 1 0 , 2 1 1 . 1 1 1 . 5 1 3 . 3
12H 1 2 . 6 1 3 , 1 1 4 , 1 1 4 . 4 1 6 , 2 1 0 , 3 1 0 , 7 1 1 , 6 1 2 . 0 1 3 . 8
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Figure B12a Intensity distribution of luminaire No. 15 [PPE2675]
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Figure B12b Direct illuminance on a horizontal plane 2.4 m below luminaire No. 15 [PPE2675]
90
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180 2@>—a—*10 ■Q
210 330
□ Column 2 =25 lux 
♦ Column 3 = 20 lux 
H Column 4 = 15 lux 
Column 5 = 1 °  lux
240 300
270
«  Column 6 =5 lux
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APPENDIX C 
Reflectance characteristics of coloured surfaces
Table Cl Comparison of reflectance and CIE "Y" for barium sulphate white surface
W avelength Measured %age
Reflectance Conversion Reflectance
380] 0.975!
3901 0.975: 0.0004 0.00039
400 0.975 0.0021
0.975410 0.0087 0XX)84825;
0.98420= 0.0378
0.98430] 0.1125 0.11025;
0.98440 02613 0256074
0.98450] 0.4432 0.434336
0.985;460] 0.68162
4701 0.985! 1.0605
0.985;480! 1.6129 15887065;
490] 0.985; 23591 23237135!
500] 0.985; 3.4077 33565845s
5101is 0.985
n rtoc!
4.768582
520! 6.4491 63523635
- 5301 0.985; 7.9357
0.985;5401 9.147 9309795
550! 0.985s 9.8343
0.985560
570 0.985; 9.1476
5801 0.985! 7.9897
590] 0.985! 6.6283 65288755!
600] 0.985! 53157
610! 0.985! 4.1788 4.116118
620! 0.985! 3.1485 3.1012725!
6301 0.985! 2.1984 2.165424
640= 0.985! 1.4411 1.4194835!
650! 0.985! 0.8876
660 0.985! 05028 0.495258
670 0.985! 02606 0256691
680! 0.985! 0.1329 0.1309065!
690 0.985; 0.0621 0.0611685!
700 0.985! 0.029 0328565
710 0.985! 0.0143 0.0140855!
720! 0.985; 0.0064
730 0.985! 0.003
740] 0.985! 0.0017 0.0016745;
750] 0.985; 0.0006 0300591
760! 0.0003
770
HunterLab "Y" (%) = Refine (%) = D iff (%) =9632! 98.49 2.17
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Table C2 Comparison of reflectance and C3E irY1' for sample No.l
W avelength Measured %age
Reflectance Conversion Reflectance
0.205380
390! 0.0004 0.00012!
400 0.435! 0.0021 0.0009135!
0.004437051410 0.0087
053420= 0.0378 0.020034
0554301 0.1125 0.061875
0575!4401 02613 0.1502475!
059450! 0.4432 0261488
0595!460j 0.41174!
470 1.0605 0.6363
480 1.6129 0.983869
490 052 23591 1.462642
500' 0.635! 3.4077 2.1638895!
510 3.14678!
520 057! 6.4491 4320897
- 530 0595! 7.9357 55153115!
0.71540 9.147 6.49437!
7.179039550 073 93343
560 0.75 7379025
570! 0.78 9.1476 7.135128
580 0.795! 7.9897 63518115!
590i 6.6283 53357815!
600 53157 4305717
610 031 4.1788 3384828
620 3.1485 2556582
630 2.1984 1.791696
640 0.815! 1.4411 1.1744965!
650 0.815! 0.8876 0.723394
660 0.817! 05028 0.4107876'
670! 0318! 02606 02131708!
 680; 032 0.1329 0.108978
690 0.0621 0.050922
700! 0.822 0329 0.023838
710! 0.822= 0.0143 0.0117546
720! 0.824! 0.0064 0.0052736!
730! 0.825! 0.002475
740 0.826! 0.0017 0.0014042!
750! 0.826! 0.0006 0.0004956!
760 0.0003
770|
HunterLab ,rY" (%) = Refine (%) = D iff (%) =7022! 73.78! 356
C3
Table C3 Comparison of reflectance and CIE ,rY" for sample No2
..................................I ................................. ] |
| W avelength Measured CEE'T1 %age
I Reflectance !Conversion Reflectance
j 380! 0.178! 0 0
I 390 025! 0.0004 0.0001
j 400 0.385! 0.0021 0.0008085
410. 0.49! 0.0087 0504263
j 420 051! 0.0378 0519278
| 430 0525 0.1125 05590625
| 440 055! 02613 0.143715
j 450 0565! 0.4432 0250408
j 460 058! 0592 0.40136
f 470 0.605 1.0605 05416025
j 480 053 1.6129 1516127
| 490 055! 23591 1333415
| 500 057! 3.4077 2283159
I 510 0.695 45412 3364634
j 520 0.73 6.4491 4207843
. . | - 530 0.765 7.9357 65708105
j 540 0.797 9.147 7290159
j 550 0522 95343 85837946
I 560 054 95387 8264508
j 570 0.852 9.1476 72937552
\ 580 0.852 7.9897 65072244
| 590 055 6.6283 5534055
[ 600 055 53157 4518345
[ 610 055 4.1788 355198
j 620 055 3.1485 2576225
\ 630 - 055 2.1984 156864
| 640 055 1.4411 1224935
! 650 055 0.8876 0.75446
1 660 055 03028 0.42738
\ 670 055 0.2606 022151 ...........................^
j 680 0.853 0.1329 0.1133637
T ~ ~ 690 0.853 0.0621 0.0529713
| 700 0.856 0.029 0524824
| 710 0.857 0.0143 0.0122551
j 720 056 0.0064 0505504
j 730 056 0.003 0.00258
[ 740 056 0.0017 0501462
[ 750 056 0.0006 0500516
| 760 0 0.0003 0
j 770 o 0 0
HunterLab "Y" (%) 7432 Refine (%) = 7953 D iff (%) = 531
................................. I ..................................
[
1
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Figure C2 Results from Beckman spectrophotometer for sample No.l
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Figure C3 Results from Beckman spectrophotometer for sample No.2
1.0
0.8 -
0.6 -
0.4-
0.2 -
0.0
300 400 500200 600 700 800
Wavelength (nm)
C5
Table C4 Comparison of reflectance and CIE "Y" for sample No3
MeasuredW avelength %age
Reflectance Conversion Reflectance
02151380
0335390. 0.0004 0.000134
|_________ 400 033 0.0021
0.685!4101 0.0087 0.0059595
0.725!4201 0.0378 0.027405
4301 074 0.1125 0.08325!
0.1972815
03377184"
440 0.755 02613
4501 a762! 0.4432
0.765!460 032938!
470 0.769! 1.0605
0.775!480 1.6129 12499975!
a782!490
500
23591 1.8448162!
0.793! 3.4077 2.7023061
5101 0.805!
520 0.824! 6.4491 53140584!
0.843!, 530! 7.9357 6.6897951
540! 9.147 736642!
550 037! 93343 8355841
560| 0.885! 8.7072495!
0.902!570 9.1476 82511352!
580 0.908! 7.9897
590 0.91 6.6283 6.031753
600 0.91 53157
610 0.911 4.1788 33068868!
620 0.917! 3.1485
630! 0.917! 11984 2.0159328!
640 0.9171 1.4411 13214887!
0.917!650! 0.8139292!
660 0.916
0.918!
0.4605648!
670! 02606 02392308!
680 0.919! 0.1329 0.1221351
0.92690! 0.0621 0.057132
a923700 0.029 0.026767!
710 a924! 0.0143
720 0.926! 0.0064 0.0059264!
730 a928! 0.002784
0.93740! 0.0017 0.001581
750! 0.93 0.0006 0.000558
0.93760! 0.0003 0.000279
770!
HunterLab ,rY ' (%)_______ Refine (%) = D iff (%) =81.04! 86.98! 5.94
C6
Table C5 Comparison of reflectance and CIE ,TY" for sample No.4
W avelength Measured CIE"Y %age
Reflectance I Conversion Reflectance
380. 0.125!
390 0.143! 0.0004 0.0000572!
4001 0.159! 0.0021 0.0003339!
410 0.165! 0.0087 0.0014355!
420 
430J
0.173! 0.0378 0.0065394!
0.185! 0.1125 0.0208125!
0205! 0.0535665!
450 0.4432 0.095288
460j 0218 0.150856
4701 022 1.0605 023331
480 0224! 1.6129 03612896
490! 0.2361 23591 05567476'
500i 0253! 3.4077
5101 028 1355536
520! 0315! 6.4491 2.0314665
23806591, 530! 0363! 7.9357
540 0.4121 9.147 3.768564
550 0.455! 93343 4.4746065;
560 0.495!
0535! 9.1476
580! 7.9897 4.4502629!
590 0568!
600 0566!
6.6283 3.7648744!
53157 3.0086862!
6101 0565! 4.1788 2361022
620! 3.1485 1.7789025!
HunterLab "Y" (%) _4056j Refine (%) - 45.13 D iff (%) = 457
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Figure C4 Results from Beckman spectrophotometer for sample No.3
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Figure C5 Results from Beckman spectrophotometer for sample No.4
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Table C6 Comparison of reflectance and CIE ,rY" for sample No.5
!
W avelength Measured O E ’T ' %age
Reflectance Conversion Reflectance
380 0.17; 0
390 0225 0.0004 0.00009
400 0303 0.0021 0.0006363
410 0.346 0.0087 0.0030102
420 0346 0.0378 0.0130788
430 0347 0.1125 0.0390375
440 0348 02613 0.0909324
450 0349 0.4432 0.1546768
460 0358 0592 0247736
470 0377 1.0605 03998085
480 0.4 1.6129 0.64516
490 0.453 23591 1.0686723
500 057 3.4077 1.942389
510 071 43412 3.437252
520 0.795 6.4491 5.1270345
,  - , „ * 530 0J827 7.9357 65628239
540 0339 9.147 7.674333
550 0345 93343 83099835
560 0.858 93387 8.4416046
570 0369 9.1476 7.9492644
580 0375 7.9897 6.9909875
590 0379 6.6283 5.8262757
600 0.879 53157 4.6725003
610 038 4.1788 3.677344
- - 620 0.885 3.1485 2.7864225
630 - 0388 11984 1.9521792
640 039 1.4411 1282579
650 039 03876 0.789964
660 039 05028 0.447492
670 039 02606 0231934
680 0.892 0.1329 0.1185468
690 0.892 0.0621 0.0553932
700 0.892 0329 0.025868
710 0.893 0.0143 0.0127699
720 0.894 0.0064 0.0057216
730 0.894 0303 0.002682
740 0.894 0.0017 0.0015198
750 0394 0.0006 0.0005364
760 0394 0.0003 0.0002682
770 0 0 0
HunterLab "Y" (%) 7439 Refine (%) = 80.99 D iff (%) = 6.60
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Table C7 Comparison of reflectance and CIE ,rY" for sample No.6
..................... i ......................i !
W avelength Measured CIE "Y1 %age
Reflectance Conversion Reflectance
380 0.165! 0 0 ----------------- 1
390 0223! 0.0004 0.0000892
400 0295i 0.0021 0.0006195
410 0333! 0.0087 0.0028971
420 0343! 0.0378 0.0129654
430 0359i 0.1125 0.0403875
440 0378! 02613 0.0987714
450 039! 0.4432 0.172848
460 0395! 0592 027334
470 0.402! 1.0605 0.426321
480' 041 i 1.6129 0.661289
490 0.425 23591 1.0026175
500 0.445 3.4077 15164265
510 0.468 43412 22656816
520 0.495 6.4491 3.1923045
, 530 0527 7.9357 4.1821139
540 0556 9.147 5.085732
550 0587 93343 5.7727341
560 0.625 93387 6.1491875
570 0.665 9.1476 6.083154
580 07 7.9897 559279
590 0.725 6.6283 43055175
600 073 53157 3380461
610 0.731 4.1788 3.0547028
620 0.737 3.1485 23204445
630 - 0.737 2.1984 1.6202208
640 0.738 1.4411 1.0635318
650 0.74 03876 0.656824
660 0.743 05028 03735804
670 0.745 02606 0.194147
680 0.748 0.1329 0.0994092
690 0.752 0.0621 0.0466992
700 0.753 0329 0.021837
710 0.757 0.0143 0.0108251
720 0.764 0.0064 0.0048896
730 0.772 0.003 0.002316
740 078 0.0017 0.001326
750 0.782 0.0006 0.0004692
760 0.782 0.0003 0.0002346
770 0 0 0
HimtexLab ,rY" (%) 54.72 Refine (%) = 60.69 D iff (%) = 5.97
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Figure C6 Results from Beckman spectrophotometer for sample No.5
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Figure C7 Results from Beckman spectrophotometer for sample No.6
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Table C8 Comparison of reflectance and CIE "Y" for sample No.7
W avelength Measured %age
Reflectance Conversion Reflectance
3801 022
390! 0335! 0.0004 0.000134
0545: 0.0021
410s 0.0087 0.007047
420i 0.908 0.0343224:
4301 0.93 0.1125 0.104625
440! 0.94 02613 0245622
450! 0.945 0.4432 0.418824
460^ 0.948! 0j692 0.656016
 470 0554! 1.0605
480 0.957; 1.6129
490 056 23591 2264736
500 0.963! 3.4077 32816151
510 0.966! 4.6765992!
520 057: 6.4491 6255627 
7.7214361'. 530 0.973 7.9357
540 0573! 9.147 8.900031
550 0574! 93343 95786082!
560; 0578! 9.6222486
570, 0.978! 9.1476 8.9463528!
580 0577; 7.9897
590 0576! 6.6283 6.4692208!
600 0.975! 53157 5.1828075!
6101 0.975! 4.1788 4.07433!
620! 0.98 3.1485 3.08553!
630! 0.98 2.1984 2.154432
640; 0.98 1.4411 1.412278
650, 0.98
660, 0.98 05028 0.492744
670 0.98 02606 0255388
680 0.98 0.1329 0.130242
690 0.98 0.0621 0.060858
700 0.98 0329 0.02842
710 0.98 0.0143 0.014014
720 0.98 0.0064 0.006272
730 0.98 0.00294!
7401 0.98 0.0017 0.001666
7501 0.98 0.0006 0.000588
760
770____
0.98 0.0003 0.000294
0.98
HunterLab "Y1 (%) Refine (%) = D iff (%) =91.1! 9732!
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Table C9 Comparison of reflectance and CIE ,rY" for sample No.8
!
W avelength Measured aE "Y ' %age !.
Reflectance Conversion Reflectance
380 0.213 0 0
390 029 0.0004 0.000116
400 0284 0.0021 0.0005964
410 0283 0.0087 0.0024621
420 0284 0.0378 0.0107352
430 0288 0.1125 0.0324
440 0293 02613 0.0765609
450 031 0.4432 0.137392
460 0345 0592 023874
470 0383 1.0605 0.4061715
480 0.43 1.6129 0.693547
490 0.483 23591 1.1394453
500 0518 3.4077 1.7651886
510 0554 43412 25820248
520 0.625 6.4491 4.0306875
. 530 059 7.9357 5.475633
540 0.724 9.147 6.622428
550 0.755 93343 7.4248965
560 0.788 93387 7.7528956
570 0315 9.1476 7.455294
580 0338 7.9897 65953686
590 035 6.6283 5534055
600 0353 53157 45342921
610 0363 4.1788 3.6063044
620 0368 3.1485 2.732898
630 - 037 2.1984 1.912608
640 0.872 1.4411 12566392
650 0375! 03876 0.77665!
660 0379! 05028 0.4419612
670 0382! 02606 02298492
680 0385; 0.1329 0.1176165;
690 0.886; 0.0621 0.0550206
700 039! 0.029 0.02581
710 0392! 0.0143 0.0127556
720 0.892! 0.0064 0.0057088
730 0393! 0.003 0.002679
740 0394! 0.0017 0.0015198
750 0.894! 0.0006 0.0005364;
................ 760 0.894! 0.0003 0.0002682
770 0394! 0 0
HunterLab "Y" (%) 6459! Refine (%) = 73.99 D iff (%) = 9.40
_ _ _ _ _ _ _ _ _ _ _ j i
!
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Figure C8 Results from Beckman spectrophotometer for sample No.7
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Figure C9 Results from Beckman spectrophotometer for sample No.8
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Table CIO Comparison of reflectance and CIE‘T 1 for sample No.9 ...    i
Wavelength Measured %age
Reflectance Conversion Reflectance
0.185!380
026 0.00(M390 0.000104
4001 0382! 0.0021 0.0008022!
410, 0.44 0.0087 0.003828
420 0.03780.443! 0.0167454!
430, 0.443! 0.1125 0.0498375
440 0446! 02613 0.1165398!
450; 0.452 0.4432 02003264!
460j 0.462! 0319704
4701 0.48 1.0605
480 1.6129 0.8129016
4901 054 23591 1273914
5001 0583! 3.4077 1.9866891
5101 0.607! 2.9386084!
0.637!520 6.4491 4.1080767
. 530 7.9357 5396276
022540 9.147 658584!
550 025 93343 7375725
028560 7.674186
570 9.1476 7.455294
580 7.9897 6.711348
590 6.6283 5.700338
600 53157 45980805!
610 4.1788 3.6230196!
620 3.1485 2.7486405!
630 2.1984 1.9236
640 1.4411 12609625!
650 0.77665!
660:_______ 0.879! 05028 0.4419612!
670 02606 0229328
680 0.1329 0.1170849:
690 0.0621 0.0547101
700 0.029 0.025549
710 0.882!
0383!
0.0143 0.0126126
720 0.0064 0.0056512!
730! 0303 0.002649
740 0.883: 0.0017 0.0015011
0.0006 0.0005298
0.0003 0.0002649!
770; 0.883!
HunterLab "Y" (%) Refine (%) = Diff (%) =68.61: 75.06 6.45
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Table C ll Comparison of reflectance and CIE irY" for sample No.10
1....................... | .......................:
i Wavelength Measured OE"Y" %age
| Reflectance Conversion Reflectance
| 380 022 0 0
! 390 033 0.0004 0.000132
| 400 055 0.0021 0.001155
j 410 0.79 0.0087 0.006873
| 420 0.9 0.0378 0.03402
f 430 0.92 0.1125 0.1035
| 440 0.93 02613 0243009
j 450 0.93 0.4432 0.412176
! 460 0.934 0392 0.646328
j 470 0.94 1.0605 0.99687
| 480 0.94 1.6129 1516126
490 0.942 23591 22222722
500 0.945 3.4077 32202765
j 510 0.946 43412 45797752
| 520 0.95 6.4491 6.126645
| >530 0.95 7.9357 7538915
| 540 0.95 9.147 8.68965
[ 550 0.95 9.8343 9342585
j 560 0.95 9.8387 9346765
j  570 0.95 9.1476 8.69022
j 580 0.95 7.9897 7590215
....................... !................. 590 0.949 6.6283 62902567
| 600 0.948 53157 5.0392836
j 610 0.949 4.1788 3.9656812
! 620 0.952 3.1485 2.997372
| 630 - 0.952 2.1984 2.0928768
j 640 0.952 1.4411 13719272
j 650 0.952 0.8876 03449952
j 660 0.952 05028 0.4786656
| 670 0.953 02606 02483518
[ 680 0.955 0.1329 0.1269195
| 690 0.958 0.0621 0.0594918
f 700 0.96 0.029 0.02784
[ 710 0.96 0.0143 0.013728
I 720 0.96 0.0064 0.006144
j 730 0.96 0.003 0.00288
[ 740 0.96 0.0017 0.001632
j 750 0.96 0.0006 0.000576
j 760 0.96 0.0003 0.000288
! 770 ti.% 0 0
HunterLab’V  (%) 8639 Refine (%) = 9438 D iff (%) = 7.99
_ _ _ _ _ _ _ _ i _ _ _ _ _ _ _ _ _ _
[
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Figure CIO Results from Beckman spectrophotometer for sample No.9
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Figure C ll Results from Beckman spectrophotometer for sample No.10
1 . 0 --------------------------------------------------------------------------------------
200 300 400 500 600 700 800
Wavelength (nm)
C17
Table C12 Comparison of reflectance and CIE "Y" for sample N o.ll
Wavelength Measured %age
380 02071
390 0.000403! 0.00012i
400 
410 J
0.48 0.0021 0.001008
0.0087 0.005481
0.0252504
0.077625
420 0.668 0.0378
0.1125
0.1865682: 
0.3244224r
02613440* a714!
0.732! 0.4432450
0.737!460: 0310004
0.742! 1.06054701 0.786891
0.748: 1.6129480! 12064492!
0.759! 23591490 1.7905569:
5001 0.774! 3.4077 2.6375598!
510] 0.795:
6.4491520 526891471
- 530; 7.9357 6.665988
9.147540 7.848126
550! 9.8343 8555841
560 8.658056
9.1476570 8.2053972!
7.9897580 0.905: 72306785!
590 0.905! 6.6283 5.9986115
4.789445753157600! 0.901
0.9!6101 4.1788 3.76092!
620 0.9! 3.1485 233365!
630! 0.9! 2.1984 1.97856!
6401 1.4411 1.29699:
650 0.9! 0.8876 0.79884:
660 05028 0.45252:
6701 02606 023454:
680! 0.9:
690! 0.9
0.1329 0.11961
0.0621 0.05589!
09700 0.0261
0.9: 0.0143 0.01287!
760
77rr
0.9 0.0003 0.000271
0.9
HunterLab ”Y' (%) 78.95] Refine (%) = 8620 Diff (%) =
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Figure C12 Results from Beckman spectrophotometer for sample N o .ll
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SUMMARY
There is a need for designers to be able to quantify the effects of obstructions 
within interiors in order for energy efficient lighting schem es to be proposed. The 
results shown in this paper suggest that the traditional methods of quantifying 
the influence of obstructions within the floor cavity require re-examination. The 
horizontal illuminance at the base, mid-height and mouth of a floor cavity in a 
series of interior is measured. Following the introduction of a range of 
obstructions the horizontal illuminance is remeasured. When illuminance is 
compared to the effective reflectance of the mouth of the floor cavity significant 
differences are seen to exist. This questions the validity of the method of 
predicting the effective reflectance of the floor cavity.
A need for further work to determine the effect of horizontal obstructions and to 
produce a theoretical model for use by lighting designers is identified.
INTRODUCTION
This paper reports the findings of three lighting surveys which were carried out 
as part of two larger studies. Details of the survey sites is given in Table 1. The 
work reported here is concerned with the influence of an obstructed floor cavity 
on horizontal illuminance and is part of one of these larger studies.
The project is funded by the University of Reading Endowment Trust Fund and 
will run from October 1992 to October 1995. The initial examination of the 
theoretical basis of flux transfer within rooms is continuing. The progress to date 
has reached a stage where it is necessary for a series of site measurements to 
be carried out. These will be supplemented by further surveys and additional 
studies in a model room to be constructed at the University.
All of the sites were surveyed following substantial changes to the floor cavity. 
In the case of the Sports Hall this also involved changes to the floor covering. 
The lighting installation in the survey rooms was not altered during the
measurement period. Apart from the floor cavity region all of the other room 
surfaces and the ceiling cavity were not altered during the measurement 
period.
C O N TE X T
The limitations of the lumen method of horizontal illuminance prediction are 
well known. The separate calculation of the direct and inter-reflected 
component of illuminance at a point in a room appears to permit increased 
accuracy to be obtained (Bean 1976). This is particularly so  in unobstructed 
rooms. Where rooms are obstructed (Dilaura 1981) the inter-reflection 
equations (Phillips and Prokhovnik 1960) must take into account the 
geom etiy of the obstructions. Since the obstructions them selves generate 
further inter-reflections with the major room surfaces the calculation of 
illuminance becom es a lengthy process. An early attempt to consider the 
effect of obstructions within the floor cavity w as carried out by Spencer 
(Spencer 1957), although this w as limited to solid sided obstructions. In this 
way the inter-reflections within the floor cavity could be treated in a similar 
way to the inter-reflections with the room. The present method of determining 
the influence of floor cavity obstructions on working plane illuminance in the 
U.K. (CIBSE 1984) is based on this work.
There is evidence to suggest that this approach may not produce accurate 
results when a more open sided obstruction occupies the floor cavity (Cook 
1992). Since this is a common feature of office and academic furniture there is 
a need to reappraise the theoretical basis of the influence of floor cavity 
obstructions and measure the influence of these obstructions in reai interiors. 
This paper reports some of these findings. The working plane is normally the 
considered to be the mouth of the floor cavity. Obstructions, such as desks, 
chairs, etc., divide this into smaller cavities which in this paper are referred to 
as Desk Cavities.
There is work proceeding elsewhere in the U.K. (Carter 1988) concerned  
with the influence of obstructions above the working plane on working plane 
illuminance. Since there is a common need for measurem ents in real interiors 
with this ongoing research programme collaboration in the survey work 
occured at one of the measurement sites.
M EASUREM ENT CONDITIONS  
The Sports Hall
Luminance and reflection factors were determined with a Hagner S2 meter 
and a standard ceramic reflectance disk. The illuminance m easurem ents 
were carried out under three conditions using a B & K Type 1105 meter.
i) Original Condition:. The major room dim ensions, ail internal features 
and luminaire positions were measured and are shown on Figure 1. The main 
sports hail is directly adjacent to other specialist activity areas. All of the these  
areas were unoccupied during the measurement periods and all luminaires, 
except those in the main hall were switched off.
The illuminance at a working plane height (h) of 0.75 metres was measured  
since during the obstructed condition, this was the height of the desks. Details 
of the survey are given in Figure 1 and Table 1. The original floor surface of 
the sports hall was light grained timber boards with no obstructions.
The luminaires were, low bay type, fitted with SONDL lamps. T hese were 
mounted at a height (H) 7.81 metres above the working plane giving a SHR 
(ACTUAL) of 0.45:1 between rows and 0.67:1 along the rows. This is 
significantly better than the SHR MAX of 1.2:1 recommended to achieve a 
Uniformity of Illuminance better than 0.8 (GEC 1984).
All surface colours and reflectance characteristics were measured on-site 
with reference to a standard surface.
ii) Interm ediate Condition: Following the laying of a dark carpet the 
illuminance of the working plane and the luminance of major surfaces was 
measured. Sam ples of the carpet were used for spectrophotometric and 
colour analysis, and th ese  results used to verify on-site reflectance  
measurements.
iii) Obstructed Condition: Desks and chairs were positioned on the 
carpet, as shown on Figure 2, so that the hail could function as an 
examination room. All of the furniture was of lightweight open tubular metal 
construction with the desk tops forming a horizontal obstruction. Following 
measurement of the furniture dimensions and the reflectance of their surfaces 
the illuminance on the working plane was again measured.
The Great Hall:
Luminance and reflection factors were determined with a Minolta LS-110 
meter and a ceramic reflectance disk. The illuminance m easurem ents were 
carried out under two conditions using a B & K Type 1105 meter.
i) Original Condition. The room was empty, there were no floor cavity 
obstructions due to furniture. The major room dim ensions and all internal 
features were measured and details are shown on Table 1. The horizontal 
illuminance at the floor and top of chair back, 0.76m above the floor, was 
measured. The reflectance factors of all major room surfaces remained 
unaltered during the measurement period.
ii) Obstructed Condition Open backed uphostered chairs were positioned 
in rows across the hall. The general arrangement is shown on Figure 3. The 
reflectance factor of the upholstry on the chair w as m easured and the 
illuminance m easurem ents described in the Original Condition were then 
repeated.
The Muspratt Building
Luminance and reflectance factors were determined with a Hagner S2 meter 
and ceramic reflectance disk. The illuminance m easurem ents were carried 
out under two conditions using an LMTType Pocket Lux meter. The nature of 
the obstructions used for the measurements in this building are based on the 
Light Obstructions being used for other work (Carter 1993).
i) Original Condition. The room was empty, there were no floor cavity 
obstructions due to furniture. The major room dim ensions and all internal 
features were measured and details are shown on Table 1.
ii) Open O bstruction Condition Light density office furniture was 
positioned in the room with an allowance of not le ss  than 10m 2 per work 
station. The general arrangement is shown on Figure 4. The reflection factor 
of the desk tops is 0.30. Details of the survey are given in Table 1.
iii) Semi-enclosed Obstruction Condition The open sided desks were 
partially enclosed with panels of reflectance factor 0.38 in order to simulate 
the appearance of office furniture. The measurements as used for the Open 
Obstructed Condition were then repeated.
R E S U L TS  
G eneral
The light flux transfer within the rooms will be influenced by the reflectance of 
the working plane. This can be determined by combining the reflectance of 
surfaces lying on the working plane with the effective reflectance of the mouth 
of the floor cavity RE(DC) to find the effective floor reflectance [RE(F)J.
Using the surveyed data it is now possible to compare the effective floor 
reflectance [RE(F)J to the average working plane illuminance [EavJ for each of 
the measurement conditions. Details are shown on Tables 2, 3 and 4.
The floor cavity index [C!(F)] was determined from:
CI(F) = R!.(H/h) ------------------------------------- {1}
RE(F) has been calculated using the simple but slightly inaccurate equation 
(CIBSE 1984):
C!(F) * RA(F)
RE(F)  ----------------------------------------------------- {2}
CI(F) + 2[1 - RA(F)]
where RA(F) = the average area weighted reflectance of the floor cavity.
The floor reflectance is a dominant factor in the effective reflectance of the 
floor cavity [RE(F)] because of the relatively small flux transfer between the 
wall surfaces.
For the Original and Intermediate conditions the calculations are 
straightforward and based on floor cavities. For the Obstructed condition the 
reflectance of the side walls of the desk cavity (R f sw ), as shown on Figure 2, 
must be determined. Since the furniture is of a very open structure and little 
reflectance from the side wails into the desk cavity takes place, reflectance 
values (R fSw) of 0%, 10% and 50% have been assum ed.
The average area weighted reflectance of the desk cavity [RA(DC)] has been  
determined from the geometry of the cavity, the measured reflectances of the 
floor and wails together with the R f sw values. The cavity index for the desk  
cavity [Cl(DC)] is also determined from the geometry of the cavity.
The relabelling of terms in equation {2} enables the effective reflectance of the 
desk cavity [RE(DC)] to be determined from:
Cl (DC) * RA(DC)
RE(DC)  ----------------------------------------------------- {3}
CI(DC) + 2[1 - RA(DC)]
In order for the effective reflectance [RE(F)] of the working plane to be 
determined under obstructed conditions, both RE(DC) and the reflectance of 
the desk tops (Rfdt) must be area weighted. This can be shown as:
RE(DC).AdC + Rfdt*A<jt
RE(F)  -------------------------------- {4}
Adc + Adt
where Adc = area of working plane occupied by the mouth 
of the desk cavity 
and Adt = area of working plane occupied by desk tops
A worst case  occurs when Rfsw = 0% since this will give the lowest RA(F) of 
the desk cavity. The effect of these assumptions and the differences between 
the effective floor reflectance [RE(F)] and the average working plane 
illuminance (Eav.) is shown in Tables 2, 3 and 4.
The Sports Hall
The difference between average illuminance for the intermediate and 
obstructed conditions is 5 lux, or 1.5%. This is a reasonable match with the 
predicted accuracy of the measurement grid. This result su ggests that the 
effective reflectance of the floor cavity in the intermediate and obstructed 
condition should be similar. However even when an Rfsw of 0% is adopted the 
RE(F) value increases by 69% to 0.22.
This may be explained by a possible inaccuracy in the method of calculating 
RE(DC) using equation {3}. In order to verify the result when Rfsw = 0% the
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following equation developed by Spencer (Spencer 1957) was used:
RE(DC) =e-4krRfcf -----------------------{5}
wall area of cavity
where kr  ----------------------------------------
2(area of mouth of cavity)
and RfCf = reflectance of the cavity floor
This gives RE(DC) = 0.025 and compares to RE(DC) = 0.023 using equation 
{3}. There is reasonable agreement.
An Rfsw = 50% would allow for the entry of som e luminous flux from an 
adjacent desk cavity. This raises the RE(F) to 0.31 and em ph asises the 
independence of floor cavity reflectance from horizontal illuminance.
The Great Hail
The difference between average illuminance (Eav.) in the original and 
obstructed condition is an increase of 5%. This also suggests that the effective 
reflectance of the floor cavity in the original and obstructed condition should 
also have increased . However it has reduced by a minimum of 29%.
The Muspratt Building
The difference between average illuminance (Eav.) for the unobstructed 
condition and the open obstruction is 4%. Between the unobstructed and 
sem i-enclosed condition this increases to 5%. This is influenced by the 0.30  
reflectance of the desk tops compared to the 0.15 reflectance of the floor 
covering.
The RE(F) values in the sem i-enclosed Rfsw = 0% and 10% c a se s  are larger 
than for the open obstruction due to the influence of the side panels with a 
0.38 reflection factor. Although for both c a se s  an increase in RE(F) is 
accompanied with a reduction in Eav.
When the RE(F) values for both ca ses  are considered a common value is 
seen  to exist, this is determined as 0.232, s e e  Figure 5. Since all of the other 
parameters which influence Eav. in the room are unaltered during the 
measurement period for this ca se  RE(F) does not influence Eav.
DISCUSSION and CONCLUSIONS
There is a need for designers to be able to quantify the the effects of 
obstructions within interiors in order for energy efficient lighting sch em es to be 
proposed. The results shown above suggest that the traditional methods of 
quantifying the influence of obstructions within the floor cavity require re­
examination. They confirm the results of earlier work (Cook 1992)
Although the provision of obstructions within floor cavities leads to a reduction 
of horizontal illuminance there appears to be no simple link between RE(F) 
and Eav. In the results reported here large increases in RE(F), for obstructed 
cases, have produced small increases in Eav. This pattern is repeated where 
reductions in RE(F) for obstructed cases have produced modest reductions in 
Eav.
In the ca se  of the results from the Muspratt building is seem s reasonable to 
assum e that the method of determining RE(F) is flawed.
Since an increase in the reflection factor of room surfaces will allow greater 
flux transfer and therefore more efficient artificial lighting system s, the method 
of RE(F) determination must be accurate. The effect of open obstructions in 
the floor cavity is difficult to quantify and therefore the RE(F) values must be 
used with caution. The results reported here suggest that large changes in 
RE(F) produce small changes in Eav. and confirms the general theory of flux 
inter-reflectance. The use of light coloured sem i-enclosed or fully-enclosed 
furniture in rooms continues to be a reasonable approach for artificial lighting 
system designers.
FURTHER WORK
The developement of an inter-reflectance theory which takes into account the 
open, sem i-enclosed and fully-enclosed furniture conditions is proceeding. 
This will address the need for correlation between REt'F) and Eav.
There is a need to determine the influence of differing lighting system s on the 
effect of the obstructions in the floor cavity. Illuminance produced by small 
numbers of compact luminaires are known to be less affected by obstructions 
above the working plane than smaller numbers of larger luminaires (Carter 
1 9 8 8 ) .
A model room is to be built at the University of Reading to simulate a range of 
artificial lighting conditions. The results can be com pared to field 
measurements and the model used to test the inter-reflectance model. This 
can then be used by lighting designers to ensure that artificial lighting 
system s are energy efficient.
829
h t  jlh
REFERENCES
Bean, A.R., 1976, Calculation of Utilization Factors, Lighting Research and 
Technology, 8, (4).
Carter, D.L., McEwen, I., 1988, Obstructed Spaces in Interior Lighting Design, 
Lighting Research and Technology, 10, (2).
Carter, D.L., Raitelli, M.R., 1993, A Designers Guide for Electric Lighting in 
Obstructed Spaces, Proceedings of the Vllth European Lighting Conference, 
LUX Europa 1993, 1, 220.
CIBSE, 1984,"Code for interior Lighting", London, England.
Cook, G.K., 1992, The Ifluence of Horiozontal Obstructions on Measured 
Illuminance Levels, Proceedings of the CIBSE National Lighting Conference, 
326.
Dilaura, D.L., 1981, On Radiative Transfer Calculations in Unempty Rooms, 
Journal of the Illuminating Engineering Society (USA), 10, (2).
Phillips, R.O., Proknovnik, S.J., 1960, The New Approach to Inter-reflections, 
IES (UK) Monograph No.3, IES(UK).
GEC, 1984, GEC Osram Catalogue, Section 5, Industrial and Commercial,
p80-1.
Spencer, D.E., The Effect of Furniture on the Coefficient of Utilization, 
Illuminating Engineering (USA), 1957, 52,35-42.
830
ri
18.17
a 0
.  T
I 0 T T -u
©H
© -
©■
© -
© -
© ■
Rows 
0  ©
□
a
SF
a
a
a
_ g _ o n m a n  t □ □ B o n
4.2
3.63
S
Q
a
a
-s-
a
a
a
- s - S B -□□ □□ □□
n n g n n m□ □ r in n o r c T
i
Figure.l.Plan of sports hall
. 1.82
K EY :
Wall reflection factor =  0.43 
Floor reflection factorfs) 
Bare um ber boards= 0 .5 1 
Carpet = 0.11
Desk reflection factor = 0.54 
G iair reflection factor = 0.26
Q  Luminaire position
I 1 Desk position
Only two rows of 
desks have been 
shown
Illuminance 
measurement grid row 
and column 
number
All dimensions are given in 
metres
0.65 0.45
View from A
RE(D O
View from B
Figure.2. Details of furniture and desk cavity
831
.3 . r ,*
Jh T±H! 
y.v*!
r  • /
Z J L * £ .
ZjSS& r& L1 r  >^\W ^>SCY 7 '
W 5 f V ^y i i V ^  9 i i v > .
832
Fi
gu
re
 
3 
G
en
er
al
 A
rr
an
ge
m
en
t 
of 
Ch
ai
rs
 
in 
Th
e 
G
re
at
 
H
al
l
I’
<11
 
ti
l'Q
II
y  A*
HTx h S H  tlG H T
f*T  i t f
y i i S , '^  H ^
o  
. t o  .
m
CM
CD
CM
CM
CM
Figure 4 Muspratt Building: General Arrangem ent
833
6.
67
5
o
CD
FIGURE 5 Muspratt Building: Relationship Between RE(F) and Rfsw
834
TABLE 1 Survey Site Details
Survey
Site
Area
m2
Lumin-
aire
No.
Lumin
-aire
Spacing
Measure
-ment
Points
No. Err
Measure
-ment
Grid
x y
Sports
Hail
Surrey
Univ.
664.1
18.17 x 
36.55 m
35
5x6
4.2 6.1 52 <2% 3.6 2.8
Great
Hail
Reading
Univ.
361
24.7 x 
14.6 m
10 complex
side
mounting
72 <2% 2.7 1.8
Rm 2.03 
M’pratt
L’Pooi
Univ.
52.1
5.6 x 
9.3 m
6
2x3
2.4 3.1 45 <5% 1.0 1.0
TABLE 2 The Sports Hali: Floor Cavity Reflectance
Characteristics and Average illuminance
Cond
R«*w
RA(DC) RE(DC) RA(F) RE(F) E.v
Lux
A 0.50 0.47 397
B 0.14 0.13 337
C
0% 0.06 0.023 0.22 342
10% 0.12 0.048 0.23 342
50% 0.35 0.170 0.31 342
TABLE 3 The Great Hali: Floor Cavity Reflectance 
Characteristics and Average Illuminance
Cond RA(DC) RE(DC) RA(F) RE(F)
Lux
A 0.284 0.254 141.4
C
0.02% 0.039 0.0079 0.065 148.4
0.09% 0.109 0.024 0.066 148.4
0.4% 0.354 0.098 0.073 148.4
Key to Conditions
A - Unobstructed 
B - Intermediate 
C - Obstructed
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TABLE 4 Muspratt Building : Floor Cavity Reflectance
Characteristics and Average illuminance
Cond
Rr,w
RA(DC) RE(DC) RA(F) RE(F)
X
RE(F)
Redn
E,v
Redn
X 0.368 0.289 776
Y
0% 0.206 0.149 0.161 743 44% 4%
10% 0.232 0.169 0.179 743 38% 4%
50% 0.337 0.256 0.259 743 10% 4%
z
0% 0.220 0.160 0.172 736 40% 5%
10% 0.243 0.178 0.188 736 35% 5%
50% 0.332 0.251 0.255 736 12% 5%
Key To Conditions
X - Unobsrtucted
Y - Open Obstructions
Z - Semi-enciosed Obstruction
